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Interest in exploring renewable energy resources has increased globally, especially 
with recent worldwide intentions to maintain the global climate. Looking at the 
oceans as a vast sustainable clean energy resource t  satisfy present high humankind 
energy demands has been strongly recommended. Several types of renewable energy 
resources exist in the oceans: waves, tides, thermal and salinity variations, currents, 
and offshore winds. Exploiting tidal currents is considered one of the most effective 
approaches to the generation of electricity. Tidal turbines are deployed beneath the 
sea surface to transfer the kinetic energy in tidal currents to mechanical energy 
suitable for ongoing conversion to electricity and subsequent transmission. However, 
choosing a suitable site to deploy these turbines is not a trivial process. Various 
constraints must be satisfied subject to basic criteria dependent upon local factors, 
technology limitation and economic consideration. In addition, an important issue to 
consider is taking care to harness energy from tidal currents with minimum possible 
impact on the surrounding environment.  
The present study justifies the nomination of the Strait of Messina as an exceptional 
tidal current energy resource within the Mediterrane  Sea basin. The maximum 
tidal current velocity at spring peak tide through the Strait may exceed 3 m/s. This 
mainly results from the tidal phase-difference (180°) between the northern 
(Tyrrhenian Sea) and southern (Ionian Sea) tips of the Strait, associated with a 
difference of 0.27 m in tidal wave amplitudes. In addition, the complex coastline 
configuration of the Strait plays an important role in enhancing tidal current 
velocities. Therefore, the Strait of Messina fulfils the basic criterion (2 m/s tidal 
current velocity) to be considered as a valid tidal current energy resource. This 
massive tidal current energy resource is assessed in the present study.  
A detailed full desk-based Environmental Impact Asses ment (EIA) study is 
performed using the interactive matrix approach in order to investigate the 
anticipated environmental impacts on the marine ecosystem of the Strait of Messina 
resulting from the harnessing of energy from its tidal currents. Through the EIA 
study the different environmental components, both biotic and abiotic, which may be 
affected by the energy extraction process, are explained. In addition, the proposed 
key project activities are listed; the likelihood of occurrence and the magnitude of 
 ii
impact interaction with the environmental components are evaluated. The final 
judgment matrix guides to make a right decision on the proposed project. From the 
resulted matrix, the major impacts do not exceed 10% of the total anticipated effects. 
The positive point is that all the expected impacts, including the majors, can be 
controlled and minimised to the lowest possible limits by applying a good 
monitoring programme. 
The University of Edinburgh “Tidal Flow Development (TFD)” numerical model is 
used to mimic the tidal environment of the Strait of Messina in different cases. The 
model successfully simulates the tidal flow regime within the Strait under some 
exceptional conditions. Modifications to the main numerical code and coefficients 
were necessary in the present research to adjust the model according to each case 
study. In the three different cases of simulation, using these exceptional coefficients, 
the model simulates the main tidal characteristics of the tidal flow within the Strait. 
According to the results of the numerical simulation process, tidal currents are more 
intensive close to the eastern coast of the Strait of Messina near to Punta Pezzo. This 
area is far from any ferry route between Italy and Sicily. The best location to deploy 
tidal turbines for the energy extraction process is therefore recommended to be 
within these surroundings. 
Finally, a physical (laboratory) model is used to simulate the flow regime within the 
Strait of Messina. The Particle Image Velocimetry (PIV) technique was applied in 
the flow-table tank at the University of Edinburgh. The physical model simulates the 
flow behaviour within the Strait of Messina to a sati f ctory degree. The cyclonic 
and anti-cyclonic motions observed at the southern extremity of the Strait are also 
very well simulated. 
The results of the present study assure confidence in the use of tidal currents within 
the Strait of Messina as a renewable energy resource. The safety of the environment 
must be ensured by following environmental guidelines, respecting the energy 
extraction limits and by applying an effective monit ring programme. The later is 
strongly recommended to be an adaptive one in which higher environmental 
authorities are able to watch, revise and control the environmental team within the 
project. These authorities are also able to postpone the project in case of any severe 
environmental case. The simulation processes emphasize the effect of morphometry 
 iii
and topography in enhancing tidal currents in the Strait of Messina. Moreover, 
numerical simulation assures that the complex morphometry and bathymetry, in 
addition to the open boundaries of the Strait of Messina, are challenging issues for 
modellers in order to mimic the real tidal current resource in the case of the Strait of 
Messina. The study also strongly recommends applying a more effective numerical 
model than TFD to assess the tidal hydrodynamical environment before and after any 
proposed energy extraction process. This will certainly, with the EIA of the marine 
ecosystem, help to make a right decision about the proposed project in order to 
achieve the goal of using clean and clear renewable en rgy resources while 
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Chapter one serves as an introduction to the present study. This chapter consists of 
five sections, the first of which is a brief introduction to renewable energy. Section 
two discusses the concepts of tides. Section three focuses on the different renewable 
resources, which can be exploited from the oceans. The different technologies used 
to exploit each of these oceanic resources and the exp cted environmental impacts 
associated with this exploration are briefly discussed.  The objectives of the thesis 
and its structure are pointed out in sections four and five, respectively. 
1.1 Introduction to renewable energy 
In recent times there has been a considerable increase in worldwide interest in 
exploring renewable resources, especially with current targets to maintain the global 
climate. Renewable energy may be defined as power generated from a renewable 
resource such as winds and tides. When the energy is exploited, the resource itself is 
replenished naturally and can either be managed so that it lasts forever or its supply 
is so enormous humans can never meaningfully deplete it [1]. In addition to this 
important sustainability feature, renewable energy resources do not release carbon 
dioxide as a by-product into the atmosphere. Hence, th y are considered as 
environment-friendly resources. Despite this advantageous feature and compared to 
the use of fossil fuels, harnessing energy from renewable resources for mass 
consumption is still limited. In the year 2006, 79% of the global final energy 
consumption came from fossil fuel, 3% from nuclear power and 18% from renewable 
resources of which large hydropower represented 3% [2]. This limited use of 
renewables may be due to the high capital cost needed to exploit these resources, 
which in turn affect the cost of the final product. However, advances in technology 
can result in the real costs of such technologies decreasing considerably over time 
[3]. 
 2 
The examples of renewable energy include: wind power, solar power, bio-fuels, 
geothermal energy and ocean energy. A comparison between the fundamentals of the 

















Fossil x  x x  x x 
Nuclear x x   x  x x 
Wind  x   x x  
Solar  x   x x  
Hydro 
(tides) 
 x  x  x x 
Waves  x   x   
Currents  x      
 
Table 1.1: Comparison between global energy resourc es [4] 
 
Large hydropower resources, i.e. ocean resources, have been of special interest in the 
last few decades. These resources contributed 15% to the global electricity 
production for the year 2006 [2]. Consequently, a better understanding of the nature 
of these resources and how we may benefit from them in order to satisfy the high 
energy demands of humankind is of paramount importance. In particular, the 
examination of the exploitation of tidal currents will be the main goal of the present 
research. Hence, it is worth starting with a brief introduction to the main concepts of 
oceanic tides in order to highlight their main features and behaviour. This 
introduction is presented in section 1.2. 
 
1.2 Concepts of tides 
Tides can be defined as the periodic rise and fall o  a body of water resulting from 
gravitational interactions between the Sun, Moon and Earth [5]. The relative 
positions of these three celestial bodies produce the most observed variations in the 
magnitude of tides. 
 3 
The tidal producing forces are the result of interaction between the gravitational 
forces of the three bodies. These producing forces may be categorised into two 
systems: the Earth-Moon system and the Earth-Sun system. The latter, even though 
the mass of the Sun is greater than that of the Moon, is the weaker force due to the 
greater distance between the Earth and the Sun. 
 
1.2.1. Tidal producing forces in the Earth-Moon sys tem 
If (R) denotes the distance between the centres of the Earth and the Moon and (a) 
denotes the Earth’s radius (Fig. 1.1), then the tidal producing forces (TPFE) affecting 
a point E that lies on the line joining the two centr s, i.e. in the equatorial plane, 







Figure 1.1: Tidal producing forces in the Earth-Moo n System 
(Equatorial Plane) 
TPFE = attraction force of the Moon – centrifugal force of the Earth 
         = [G M m / (R – a) 2] – [G M m / R2]    (1.1) 
         = [G M m a (2 R – a)] / [R2 (R – a)2]    (1.2) 
As the radius of the Earth (a) is much smaller than the distance between the centres 
of the two planets (R), then equation (1.2) may take the form: 
TPFE = 2 G M m a R / R
4      (1.3) 
         = 2 G M m a / R3      (1.4) 
where, 
G is constant; M is the Earth’s mass; and m is the Moon’s mass  
For a point (P) that does not lie in the plane of the equator or the poles (Fig. 1.2), the 
gravitational force affecting the point P is given by 
Fg P = G M m / (R – a cos ψ)
2       (1.5) 
where, ψ is the angle with the equatorial line that joins the wo planets’ centres. 





Figure 1.2: Tidal producing forces in the Earth-Moo n System 
(Non-Equatorial Plane) 
The tidal producing force at P is hence given by 
TPFP = G M m / (R – a cos ψ)
 2 – G M m / R2   (1.6) 
         = G M m [R2 – (R – a cos ψ) 2] / (R – a cos ψ) 2 R2  (1.7) 
         = G M m a cos ψ (2R – a cos ψ) / (R – a cos ψ) 2 R2  (1.8) 
As the radius of the Earth (a) is much smaller than the distance between the centres 
of the two planets centres (R), then 
TPFP = G M m 2 a R cos ψ / R
4                (1.9) 
         = G M m 2 a cos ψ / R3                 (1.10) 
There are two lunar behaviour of significant effect on the behaviour of the observed 
tide. These are the Moon’s declination and the Moon’s elliptical orbit. 
The Moon’s declination, which is 28° to the equatori l plane, results both in diurnal 
and semidiurnal tide cycles and in tidal inequalities all over the Earth’s surface. On 
the other hand, the Moon’s elliptical orbit, in whic  the Earth represents one of its 
two foci, results in the relative differentiation of the Moon’s location to the Earth in 
the equatorial plane (Fig. 1.3). When the Moon is in its nearest location to the Earth, 
we get what is called the perigee, in which the tidal producing force increases up to 
20% above the average value [6]. The interval betwen two successive perigees is 
27.5 days [6, 7]. When the Moon is at its furthest location from the Earth, we get 
what is called the apogee, in which the tidal producing force is reduced to 20% 






Figure 1.3: Apogee and Perigee lunar tides 
 
1.2.2. Tidal producing forces in the Earth-Sun syst em 
The magnitude of the solar tide producing force is 0.46 of that of the Moon [6]. This 
is due to the greater distance of the Sun from the Earth than that of the Moon; 360 
times. The solar tide has a semidiurnal period of 12 hours. According to the position 
of the Earth in its elliptical orbit in which the Sun represents one of its two foci, two 
tidal phenomena are defined: the perihelion tide at the nearest distance and the 
aphelion in the furthest one (Fig. 1.4). The difference between the perihelion and the 
aphelion is 4% compared to 13% difference between th  perigee and the apogee [6]. 
 
Figure 1.4: Perihelion and Aphelion solar tides 
 
The two most extreme tidal phenomena are the spring and the neap tides. These tides 
result mainly from the combined gravitational effects of the Sun and the Moon. 
When the Moon’s trajectory is aligned with that of the Sun (new and full Moon), the 
extreme gravitational force between the two celestial bodies is extracted and results 
in the spring tide. The neap tide, on the other hand, results when the Moon’s 
trajectory is normal to that of the Sun (1st and 3rd quarters). The highest high tides 
and lowest low tides are recorded during spring tides while neap tides have lower 








and low tides, known as tidal range, is much larger in a spring tide than in a neap 
tide. The spring and the neap tides are schematically shown in Figure 1.5. 
 
 
Figure 1.5: Spring and Neap tides (www.jochemnet.de /fiu/tide2.jpg ) 
 
The following terms are usually associated with the study of tides and are important; 
they should always be considered in order to fully nderstand the tidal phenomenon 
for any given area: 
The datum is defined as a base elevation used as a reference from which to reckon 
heights or depths [5]. It is called a tidal datum when defined in terms of a certain 
phase of the tide. A tidal datum is regional. Such a datum is referenced to fixed 
points known as bench marks. 
The duration of one complete tidal cycle; i.e. the time between two successive highs 
or lows, is called the tidal time period [5]. 
An amphidromic system is the result of the combination of the ocean basin geometry 
and configuration and the influence of the Coriolis force [6, 7]. The amphidromic 
point is a point of zero amplitude of the observed tide, i.e. water is always at the 
same level [5, 6]. 
The co-tidal lines are curved lines on a chart thatpass through places having the 
same tidal phase [5, 7]. The centre of these lines s always an amphidromic point. 
The co-tidal ranges, on the other hand, are isolines on charts joining places of the 
same tidal ranges [6]. The co-tidal range isolines ar  normal to the co-tidal lines. 
 7 
1.2.3. Types of tides 
Broadly speaking, there are three types of tides (Fig. 1.6): 
1. Semidiurnal tides, in which two high and two low waters occur daily, with 
relatively small differences in the respective highs and lows. 
2. Mixed tides, in which the oscillations of both semidiurnal and diurnal tides 
may be observed. There are usually two highs and two lo s per day in this 
type of tide. 
3. Diurnal tides, in which a single high and a single low water occurs each day. 
The type of a tidal cycle may be determined using the following constituent factor 
[8]: 
F = (main diurnal components) / (main semidiurnal components) 
F = (HO1 + HK1) / (HM2 + HS2)     (1.11) 
where, 
HO1 is the tidal height of the principal lunar diurnal constituent; 
HK1 is the tidal height of the luni-solar diurnal constituent; 
HM2 is the tidal height of the principal lunar semidiurnal constituent; and 
HS2 is the tidal height of the principal solar semidiurnal constituent  
According to the value of the factor F the type of a tidal cycle may be defined as 
follows [8]: if F ranges between 0 and 0.25 then a semidiurnal cycle results; if F 
ranges between 0.25 and 1.25 then a mixed mainly semidiurnal tide occurs; if F 
ranges from 1.25 to 3 then a mixed mainly diurnal tide occurs and finally a diurnal 
tide results for F values great than 3. 
 
1.2.4. Tidal constituents 
The tidal signal experienced at any location is a composite of multiple partial tides 
called tidal constituents [9]. Approximately 390 tidal constituents have been defined 
[10], the most significant of which are formed by the gravitational attraction between 
the three celestial bodies: Earth, Moon and Sun. The principal constituents and their 
periods are listed in Table (1.2). In modelling applications the following constituents 
have particular importance: K1, O1, P1, Q1, M2, S2 and K2. This stems from the fact 
that these constituents are significant for any tidal signal and that they are sufficient 
to calculate the variations in tidal level and currents [9]. 
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Figure 1.6: The three types of tides found in the g lobal oceans 
(www.fhwa.dot.gov/engineering/hydraulics/images/h25 _b6.jpg ) 
 
Accordingly, tidal elevations can be expressed as the sum of all the harmonic 
components [11]: 
η (t) = Σ An cos ( [2π/Tn] t + φn)    (1.12) 
where, 
η (t) is the tidal elevation as a function of time (m); An is the amplitude of harmonic 
component (m); Tn is the period of a harmonic component (s); [2π/Tn] is the tidal 
angular velocity (rad/s); t is the time (s); and φn  is the tidal phase of the harmonic 
component 
The largest recognised tidal constituent is known as the principal lunar semidiurnal 
tide component M2. The tidal producing force of this tidal component is twice as 
strong as that for the K1 tide, the major diurnal constituent [7]. The distribution of 
tidal amplitudes and phases in the global oceans, based on Topex/Poseidon satellite 
observations and on global numerical models, has been adequately summarized [12]. 
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A description of global tides and the global distribut ons of the main tidal amplitudes 
and phases are given in detail and discussed [7, 8 and 13]. 
Tides spread in the form of long waves, the movement of which is associated with 
what are called tidal currents. These may be defined as the horizontal movement of 
water caused by gravitational interactions between the Sun, Moon and Earth [5]. 
Large amounts of power and energy can be extracted from these currents when they 
are of sufficient velocity.  
 
Name Symbol Period (Solar hr.) 
Principal lunar M2 12.42 
Principal solar S2 12.00 
Larger lunar elliptic N2 12.66 
Luni-solar semidiurnal K2 11.97 
Larger solar elliptic T2 12.01 
Smaller solar elliptic L2 12.19 
Lunar elliptic second order 2N2 12.91 
Larger lunar evectional ν2 12.63 
Smaller lunar evectional λ2 12.22 
Variational µ2 12.87 
Luni-solar diurnal K1 23.93 
Principal lunar diurnal O1 25.82 
Principal solar diurnal P1 24.07 
Large lunar elliptic Q1 26.87 
Smaller lunar elliptic M1 24.84 
Small lunar elliptic J1 23.10 
Lunar fortnightly Mf 327.86 
Lunar monthly Mm 661.30 
Solar semi-annual Ssa 2191.43 
 
Table 1.2: Principal tidal constituents and their p eriods [14] 
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1.3 Ocean Energy  
The oceans cover 71% of the Earth’s surface. They contain enormous renewable 
energy resources that can be exploited, contributing to the increasing global energy 
demand in a sustainable manner. In fact, oceans repres nt an energy resource that is 
theoretically far larger than the entire human race could possibly use, although, in 
practice most of this huge resource is inaccessible [15]. The different oceanic 
renewable energy resources include: waves, thermal energy, tides and marine 
currents. Marine currents themselves comprise many forms: wind driven currents, 
thermohaline currents, geostrophic currents and tidal currents. The last are the main 
focus of the present study. The main features and chara teristics of the first three 
mentioned oceanic resources are summarised in sections (1.3.1-1.3.3), while section 
1.3.4 gives a detailed description of tidal currents. 
1.3.1. Wave energy 
Ocean waves result from the direct effect of winds blowing on the ocean surface. 
These waves propagate from the fetch area, the origin of the wave generation, 
everywhere in the ocean with a speed proportional to the wave length. The size of a 
propagating wave is determined by the wind speed, the length of the fetch area, the 
water depth and the topography of the sea over which t e wave propagates. Waves 
can be found superficially as well as in deep waters, though they are higher in the 
former as the wave height diminishes exponentially with depth.  
Waves form a potentially large worldwide resource estimated at more than 2 
terawatts (TW) [16]. There are several regions around the world with high incident 
wave power levels which are particularly well situated to the exploitation of this 
renewable resource. 
Although wave energy is usually spread out along thousands of kilometres of 
shoreline, in some coastal areas the “energy density” i  enough to produce electricity 
economically [17]. Wave energy is unequally distributed all over the world as shown 
in Figure 1.7. Between 30° and 60° latitudes of both hemispheres, the highest wave 
energy densities are located due to the characteristics of the dominant west winds of 
these areas [17]. The most irritating point about wave energy exploitation is that 
waves are not predictable. However, wave power at a given site is available for up to 
90% of the time compared to only 20-30% of availability for wind and solar powers 
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[18]. England and Japan were the first to develop methods to capture the power of 
waves [19]. Nowadays, companies are building installations that convert the energy 
of the waves into electricity in many countries such as Scotland, Portugal, Norway, 
the United States, Australia, India and China [20]. Various methods exist to harness 
energy from ocean waves. These include the Tapered Channel System; the Salter 
Duck Wave Energy Conversion Device and the Oscillating water column system 
[19]. The accessible resource of wave energy depends o  [21]: 
1. The length of the coastline or offshore regions exposed to the waves. 
2. The size of the area over which the winds blow to generate waves (the fetch 
area). 
3. The strength of the winds generating the waves. 
Basically, wave energy converters depend on the oscillating motion of waves to 
generate electricity. The energy extraction process may either be from surface waves 
or from pressure fluctuations below the water surface. Some systems of energy 
extraction are fixed in position, while others move with the propagating waves. 
Wave energy can be harnessed by using either onshore or offshore technologies. 
Each type of technology has its advantages and disavantages [17, 22, 23]: 
• Advantages and disadvantages of onshore wave technology: 
1. The general reduction in the capital costs of installation. 
2. The rigidity of fixation using the strong onshore seabed structure. 
3. The reduced final consumption cost due to the shorter extended cables. 
4. Low operating and maintenance costs. 
5. Lower energy near the coast compared to the open ocan. 
6. Major engineering structures may affect the coastline activities: e.g. 
tourism and wildlife. 
• Advantages and disadvantages of offshore wave technology: 
1. There are more places to harness wave energy in theopen seas. 
2. Higher power is available offshore than onshore. 
3. Higher operating and maintenance costs. 
4. Collision risks with ships and marine species. 
5. High costs of cable and grid connection, which will affect the price of the 
final product. 
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6. Ocean storm may affect the technology. 
7. Negative effect on shipping and fishing activities. 
Examples of technologies used to harness energy from waves in the global oceans 
comprise the 20 megawatt (MW) wave-hub off the north coast of Cornwall, England 
(Fig. 1.8); the 7 MW Wave Dragon device (Fig. 1.9); the 3 MW Pelamis device (Fig. 
1.10) and the 2 MW Oyster-1 (Fig. 1.11) in Orkney, off northern Scotland; the 1 MW 
Swedish AquaBuOY device (Fig. 1.12); the 500 kilowatt (kW) LIMPET (Land 
Installed Marine Power Energy Transformer) shoreline device on Isle of Islay, 
Scotland (Fig. 1.13) and 1 MW MRC1000 ORECon device developed by Plymouth 
University (Fig. 1.14). 
 
Figure 1.7: Global relative wave energy density (kW /m)  
 (http://www.dpenergy.com/marine/images/wavephotos/ image006s.jpg ) 
 
                      
(a) (b) 
Figure 1.8: (a) The buoy of the wave-hub device and  (b) An artist’s impression of the 
converter resting on the seabed (www.reuk.co.uk/Grant-for-Wave-Hub-Wave-Farm.htm) 
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Figure 1.9: The floating Wave Dragon device  Figure  1.10: Pelamis device 
      (www.wavedragon.net)                                  (www.waveenergy.ie/)   
 
   
            Figure 1.11: Oyster-1 device             Figure 1.12: AquaBuOY wave converter  
(http://www.aquamarinepower.com/technologies/oyster -1/)      (tradenetholdings.com/aquawaveText.htm)           
               
                    
Figure 1.13: LIMPET plant                      Figu re 1.14: MRC1000 ORECon device 
(www.renewscotland.org/sea/wave.html)                                 (www.orecon.com) 
 
Environmentally, wave energy systems provide clean nergy and have a very 
minimal effect on the marine environment [24]. In addition, wave energy devices 
may have a positive impact on the surrounding ecosystem: floating buoys may serve 
as artificial reefs that attract fish and may serve as nursery areas for some fish 
species. The onshore devices may help to reduce the ffect of erosion and hence 
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protect the coastline. The following table may be regarded as a summary of the 
expected levels of environmental impact of wave energy. 
 
Environmental effects Shoreline Near-shore offshore 
Land use/Sterilization L   
Construction/Maintenance L   
Recreation L L  
Coastal erosion L L - M L - M 
Sedimentary flow patterns  L L 
Navigation hazard  L L 
Fish and marine biota L L L 
Acoustic noise L   
Working fluid loss  L L 
Endangered species L L  
Device/mooring damage  L - M L - M 
(L: Low, M: Medium) 
Table 1.3: Environmental impact of wave energy devi ces [24] 
 
1.3.2. Ocean Thermal Energy Conversion (OTEC) 
Ocean Thermal Energy Conversion (OTEC) is a means of converting the temperature 
difference between surface water of the oceans in tropical and sub-tropical areas and 
water at a depth of approximately 1000 m, from Polar Regions, into useful energy 
[25]. The main problem with this type of renewable oceanic energy resource is the 
conditional thermal difference of 20° C between hotand cold reservoirs, which is 
viable only in tropical seas during the whole year [3]. 99 nations and territories have 
been listed [26] with access to OTEC thermal resources. There are 15 listed as 
“Americas-Mainland”, 23 as “Americas-Island”, 18 as “Africa-Mainland”, 5 as 
“Africa-Island”, 11 as “Indian/Pacific Ocean-Mainlad” and 27 as “Indian/Pacific 
Ocean-Island”. The best-known example of an OTEC plant is that located on the 
Kona Coast of Hawaii, USA (Fig. 1.15).  
The main advantages and disadvantages of OTEC systems [17, 27] are: 
  1. The possibility to be used for the desalination process of sea water. 
2. OTEC is based on established turbine and refrigeration technologies. 
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3. OTEC readily produces, as side benefits, considerabl  quantities of fresh 
water, sea foods, and marine-life-based industrial p oducts, as well as chill-water for 
air conditioning and cold-bed agriculture. 
4. An OTEC facility requires a substantial initial capital expenditure (in the 
range of $50 to $100 million for a “small” ten-megawatt plant). 
5. OTEC has not been demonstrated on a large scale over a prolonged period 
with integrated power, mari-culture, fresh-water, and chill-water production. 
6. OTEC is only feasible at relatively isolated site  (deep tropical oceans); 
from such sites, the power and marine products must be transported to market. (In 
general, the fresh water and certainly the chill-water cannot be transported more than 
a few miles economically.) 




Figure 1.15:  Land based view of the 210 kW OTEC Ex perimental Plant, 
Hawaii (www.rise.org.au/info/Tech/otec/image007.jpg ) 
 
Environmentally, OTEC may potentially have an effect on the oceanographic 
properties of the sea water. However, the rigid plant structures may provide a 
positive artificial reef for fish breeding and a safe pathway for fish migration. Also, 
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OTEC is non-polluting; in fact it enriches nutrient-poor surface water and tends to 
“sink” carbon [27].  
1.3.3. Tides 
Tides have the distinct advantage of being highly predictable, compared to solar, 
wind and wave energy [3]. Tidal energy itself has been used since the 11th century 
when small dams were built along ocean estuaries and small streams in order to turn 
water wheels used in the milling of grains [28]. In the modern age, tides are used to 
drive turbines to produce electricity. The main concept is to use the rise and fall of 
tide, i.e. the potential energy in tides, to extract energy. The scheme is dependent on 
the use of a tidal barrage to control the natural flow from the tidal range. The barrage 
has gates that allow water to pass through. The gats re closed when tides have 
stopped coming in, trapping the water within the basin or estuary and creating a 
hydrostatic head. As tides ebb out the barrage, gates in the barrage that contain 
turbines are opened; the hydrostatic head causes the water to pass through these 
gates, thus driving the turbines and generating power. The principle of this barrage 
system, therefore, depends on using the tidal range between high and low tides to 
drive turbines to get the required energy. This tidal range potentially controls the 
available energy at any location. The main requirement for extracting cost-effective 
electric energy from the tide is to have as wide tial range as possible. This range has 
been identified to be at least 5 m [6, 15, 20, 23, 29]. This, therefore, restricts suitable 
places for such energy extraction to a few locations scattered around the world. Table 
(1.4) shows the highest tidal ranges in the world.  
The total worldwide potential of tidal-range energy scheme is estimated to range 
between 500 and 1000 Terawatt-hour per year (TWh/yr), though only a fraction of 
this figure is actually exploited due to economic considerations [30]. Currently, there 
are four tidal barrage plants which are actually working and producing energy, Table 
(1.5). Figure 1.16 shows La Rance plant, the first active tidal plant in the world that 
uses the tidal range to produce 240 MW of electricity. 
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Bay of Fundy 
Port of Ganville 
Severn estuary 
Penzhinskaya Guba  
Puerto Rio Gallegos 








Table 1.4: Highest tides of the global ocean [31] 
 


































Table 1.5: Existing tidal power plant [31] 
 
The use of tidal barrage schemes is presently limited. This is a result of the very large 
capital costs of such systems, the long construction period and the fear of the severe 
associated environmental impact. The large capital cost will, no doubt, affect the 
final product cost, e.g. the estimated capital cost of the proposed tidal station at the 
Severn Bay in England would be in the range of $15 billion [13]. The time taken to 
build a barrage system is long, e.g. the La Rance plant took about 7 years to build. 
During the construction period there is no benefit from any outcome from the barrage 
plant, which in turn affects the final consumers and the cost of the generated power. 
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However, once built, a tidal barrage has a very long lifetime. It has been estimated 
that the barrage structure will last for 120 years and the equipment for 40 years [22]. 
Environmentally, barrage systems have an impact on the coastal processes, on the 
sediment motion and on the creatures in the area of the basin. On the other hand, one 
advantage of using a barrage system is that the barrage itself may act as a storm 
surge barrier, which protects the coastline from erosion. 
 
 
Figure 1.16: La Rance tidal plant, France 
(www.rise.org.au/info/Tech/tidal/image020.jpg ) 
 
1.3.4. Tidal currents 
Tidal currents are the horizontal component of the water motion associated with the 
propagating tidal wave [5]. The speed of tidal currents is not necessarily proportional 
to the range of the tide, i.e. the vertical variation n the sea level. In general, tidal 
current speeds are low, but these may be modified by local topography and by 
coastline configuration. The velocity can be greatly enhanced and magnified, 
particularly in straits between islands or between islands and the mainland [21]. A 
tidal stream technology aims to produce electricity from the kinetic energy in the 
flowing tidal currents. The kinetic energy in these flows can readily be harnessed 
using turbines using principles similar to those of wind turbines [32]. It has been 
estimated that the yearly potential electricity that could be generated from tidal 
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currents is 80 x 103 TWh, i.e. more than five times of the World annual demand, 
which is roughly 14 x 103 TWh [4]. 
A location that has been proposed for the harnessing of tidal current energy has to 
practically fulfil three basic criteria [33]: 
1. The local water depth: this should range between 25 and 45 m to suit the 
installation of existing device technologies. This depth range may be modified for the 
new generations of tidal current energy converters and technologies. The depth will 
also affect the choice of the rotor diameter of tidal turbine as shown in Table (1.6). 
 
Water depth Rotor diameter  
(assuming no shipping 
exclusion) 
Rotor diameter  
(assuming shipping 
exclusion) 
< 20 m  10 m 
20-25 m 5 m 12 m 
25-40 m 10 m 20 m 
> 40 m 20 m 20 m 
 
Table 1.6: Influence of water depth on maximum perm itted turbine size [34] 
2. The distance of the location to the nearest grid connection: this connection has to 
be easily accessed to be economically feasible in order to minimise the capital cost of 
power generation and accordingly minimise the final consumption cost per kW. 
3. An energetic and persistent resource: this criterion is the basis of choice as the 
mean spring and neap tide velocities in the chosen locality must be as high as 
possible. This velocity should preferably not drop below 3 m/s [23, 33]. Other 
authors lower this limit to 1 m/s [17] or 2 m/s [6,15].  
It is important to realise that the extraction of energy from a tidal environment will 
modify that environment. Even though the marine biota may not be harmfully 
affected, the sedimentation and seabed processes as well as the hydraulic nature itself 
may be severely affected if considerable care is not taken. So, it is highly 
recommended to assess the environmental impacts that may result from harnessing 
energy using tidal currents in any location proposed to deploy tidal devices. It would 
be better to perform such an assessment both before and after the operation; hence 
the recommendation to apply a suitable effective monitoring programme is of high 
concern. For this reason a detailed desk-based Environmental Impact Assessment 
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(EIA) study for the tidal resource in the Strait of Messina, the present area of 
investigation, is introduced in chapter three of this esis. 
The greatest advantage of using tidal currents to generate electricity is that tides are 
driven by regular astronomic mechanisms; hence theyma  be well predicted. The 
energy flux density in many of the most attractive sites is formidable, offering the 
prospect of large-scale generation using relatively compact technology [35]. 
Theoretically, the maximum power available by using a tidal turbine is jointly 
proportional to the water density and the velocity of the tidal flow cubed. As the 
density of sea water is 800 times greater than that of ir, the same amount of energy 
generated by a wind can be extracted by a relatively much slower water movement 
using smaller diameter turbines [23, 29]. 4 kW/m2 power may be achieved with a 
water flow of 2 m/s velocity, while the same energy amount would require a wind 
speed of 18 m/s [32]. The available power in tidal currents may be mathematically 
expressed [11, 15, 17, 23, 30, 33-36] using the following equation: 
P = ½.ρ.U3.A       (1.13) 
where, 
P is the Kinetic Energy flux in the tidal stream (W); ρ is the water density (kg/m3); 
U is the current speed (m/s); and A is the cross sectional area (m2) 
1.3.4.1. Significant Impact Factor (SIF) 
To control the limits of extraction from the total available energy in the tidal currents 
and to eliminate the negative environmental impact, which may result from the 
harnessing process, it is worth introducing a controlling factor in equation (1.13). 
This factor is called the Significant Impact Factor (SIF). This factor gives the 
significant energy percentage, which can be safely extracted from the total energy in 
the flow. It would not be possible to extract the total available energy in the tidal 
flow from both engineering and environmental points of view. This could negatively 
affect the efficiency of tidal turbines, the hydrodynamical environment of the flow 
and also the marine ecosystem itself. Therefore, SIF is recommended to range 
between 10-20% of the energy contained in the tidal current [17, 23, 37, 38]. 
Accordingly, equation (1.13) may take the form: 
P = ½.ρ.U3.A.SIF      (1.14) 
The tidal current velocity U may be predicted using the following equation [15]: 
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U = [K0 + K1 cos (2πt / T1)] cos (2πt / T0)   (1.15) 
where, 
K0 and K1 are constants determined from the mean spring peak and the ratio between 
the mean spring peak and the mean neap peak currents; T1 is the spring neap period, 
normally of 353 hrs; and T0 is the diurnal tidal period (12.4 hrs) 
To harness energy from tidal currents, different types of turbines have been 
developed for a submerged installation in suitable locations [17]. When designing a 
tidal turbine, the following must be taken into consideration [39]: 
1. The turbine machinery must be as simple as possible as the turbine will be 
working in a submarine environment. 
2. The strong currents experienced during installation and maintenance. 
3. A compromise must be found between the capital cost and the yearly energy 
production. 
4. The interaction of waves with the currents must be considered. 
There are four developed types of tidal turbines: 
• Horizontal axis turbines 
• Vertical axis turbines 
• Variable foil systems, and 
• Venturi systems. 
1. Horizontal axis turbines 
For this type of tidal turbine, the rotational axis of the turbine is parallel to the 
direction of flow [23]. These turbines look similar to wind turbines and can be 
installed either seabed-mounted or hanging from floating platforms [17]. The main 
operating principle of a horizontal axis turbine is to transfer the hydrodynamic force 
component normal to the blades rotation plane along a shaft to drive a generator in 
order to produce electricity. The technology of this type of tidal turbine is presently 
very well developed. This is represented in the SEAFLOW turbine (Fig. 1.17), a 
well-applied 300 kW horizontal axis turbine installed in the Bristol Channel between 
England and Wales, and in the SeaGen tidal converter which produces 1.2 MW from 
the tidal current resource in Strangford Lough, Northern Ireland. 
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Figure 1.17: The SEAFLOW horizontal axis tidal turb ine risen for maintenance  
(www.marineturbines.com/mct_image_files/Seaflow_raised_16_jun_03b.jpg) 
 
2. Vertical axis turbines 
In this type of turbine the flow is perpendicular to the rotational axis [17]. The key 
feature of a vertical axis turbine is the cross-flow design [40], where the blades and 
rotor transmission shaft are parallel to one another and are both normal to the 
incoming current flow. This allows the rotor to rotate in the same direction regardless 
of the flow direction [40]. Vertical axis tidal turbines may be classified, according to 
the blade shape, into two sets: rectilinear-blade turbines and helicoidal-blade 
turbines. An example of the former is the Kobold Turbine (Fig. 1.18), part of the 
ENERMAR project in the Strait of Messina, and an example of the latter is the 
Gorlov helical turbine rotor, deployed in Korea (Fig. 1.19 a & b). The main 
advantage of the rectilinear blade turbine is that the shaft power is taken out 
perpendicular to the flow, which lends itself to having a drive train either on the 
seabed or in a surface vessel [15]. However, its main disadvantage is that its 
rectilinear blade produces efficient but is highly unstable and has a high tendency to 
rupture due to vibrations [17]. Using helicoids turbines, the vibration problem is 
resolved and hence the rupture problem is as well. Another advantage of the 
helicoids Gorlov turbine is the amount of energy extracted from the tidal stream 
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(35%) compared to 23% from the rectilinear turbine a d 20% from the conventional 
horizontal axis turbines [17]. 
 
 
Figure 1.18: A schematic of the Kobold turbine (www .turbosquid.com) 
 
  
(a)       (b) 
Figure 1.19: The Gorlov turbine in Korea: (a) diffe rent parts of the 





3. Variable foil systems 
This type of tidal turbine is not as widely applied as the horizontal and vertical axis 
types. A well-known example of this type is the ‘Stingray’ turbine [41], developed to 
produce 150 kW of electricity using tidal currents, and has been tested in Yell Sound 




Figure 1.20: Stingray device [13] 
 
‘Stingray’ differs from other proposed devices in that it uses an oscillating motion 
rather than rotation to harness the energy from the tidal flow. ‘Stingray’ consists of a 
hydroplane which has its attack angle relative to the approaching water stream varied 
by a simple mechanism [41]. The combination of lift and drag force causes the arm 
of ‘Stingray’ to oscillate vertically. A hydraulic ylinder attached to the main arm is 
forced to alternately extend and retract, producing hi h-pressure oil, which is 
delivered to the hydraulic motor driving the generato , thus producing electricity 
[44]. The whole system is fully submerged and rigidly fixed to the seabed. The key 
specification parameters of ‘Stingray’ are defined in Table (1.7). The main 
characteristic of this technology is its large wing-like hydroplane, which can be 




Maximum height 23.6 m with hydroplanes in highest position 
Maximum width 15.5 m 
Arm length 11 m 
Arm operating angle ± 35 degrees 
Hydroplane actuation angle Relative to arm ± 90 degrees 
Rated power 150 kW at 3 knots and above 
 
Table 1.7: The key specification parameters of ‘Sti ngray’ [44] 
 
4. Venturi based systems 
This system of tidal current energy converter uses pressure changes in a flow 
contraction to drive secondary extraction hydraulics or pneumatics [43]. The two 
well-known systems based on this principle are the GENTEC venturi developed by 
Greenheat Systems Ltd and the Rochester venturi developed by HydroVenturi (Fig. 
1.21), both in the UK. 
 
Figure 1.21: HydroVenturi Rochester Venturi for Tid al Power 
(http://www.ambafrance-uk.org/local/cache-vignettes /L283xH212/Mathieu-RV-
f1feb.jpg ) 
1.3.4.2. Design of Support Structures 
The most difficult technical problem is to install  marine current turbine rotor 
securely enough to resist the large forces that it will be subjected to, and, in a manner 
which is not so costly as to make the system uneconomic [32]. Therefore, it is 
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important to focus attention on the different methods used to fix the rotating blades 
(main component in any tidal energy converter) and their shafts in the ocean. This is 
done through support structures installed in the desired location. These installations 
may take different forms as shown in Figure 1.22. The structures must be heavy and 
strong enough to overcome the strong currents, wave conditions, storms and any 
unexpected difficult conditions that may occur in the field. 
 
Figure 1.22: Types of support structure technology [35] 
In the monopile structure, a vertical steel or concrete bar is cemented in the desired 
location after drilling a suitable hole for fixation. The proportion of the drilled hole to 
the total bar length has to be well-considered for stability purposes. In this type of 
support structure, the energy capture device must be raised to the surface for 
maintenance [35]. For the moored support structure, he structure itself is moored to 
the seabed with strong anchors or chain-lines with the major support body floating on 
the surface. It is only convenient to use this type of supporting structures with small 
prototype devices. As the device is relatively free to move on the mooring lines, 
there may be issues with device safety in high-turbulence and fast currents [35]. The 
reticular support structure resembles the mono-pile alr ady described with the 
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exception of being supported by two main vertical brs drilled deeper into the 
stratum. Lastly, the gravity base support structures ar  held on position depending on 
their weight and on the force of the gravitational attraction. The weight is either self-
included in the body itself or added using rock ballast after deploying the body in 
place. Due to the large forces needed to install, move and maintain this type of 
support structure, large crane barges are required [35]. 
The following discussion illustrates some of the main points that must be taken into 
consideration when designing and using a tidal turbine. 
The power coefficient of a real tidal turbine (Cp) is a function of the ratio between 
the speed of the turbine tip and the flow speed, which is commonly known as the tip 
speed ratio (λ) [34]. The actual relationship depends on the blade form and number 
(Fig. 1.23). Geographic factors that affect the development of a tidal turbine include 
water depth, the natural cyclic behaviour of the tidal current and the desired location 
of the turbine installation. The costs of hardware, installation, operation and 
maintenance are also important factors which should be carefully considered when 
designing a tidal turbine.   
 
Figure 1.23: Sample Cp- λ curve for a four-bladed turbine [34]  
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1.4 Objectives of the thesis 
The objectives of the present study may be summarised by the following points: 
1. To review the principal physical oceanographic features of the Mediterranean 
Sea and its major straits; in order to assess specifically the choice of the Strait 
of Messina as an exceptional tidal resource within e Mediterranean whose 
tidal currents can be exploited. 
2. To assess the anticipated environmental impacts that may result from the 
energy extraction process from the Messina resource in order to determine to 
what extent the marine ecosystem may be affected by such a process. 
3. To propose an applied monitoring programme to control and minimise the 
expected environmental impacts. 
4. To examine the simulation process of the tidal current regime within the 
Strait of Messina using both numerical and physical models. 
5. To propose, using the outcomes of the tools used in th s study: the 
environmental assessment, the numerical and the physical simulations, the 
suitable location within the Strait of Messina where tidal turbines may be 
deployed. Also, to suggest the most effective technology which best suits the 
situation in the Strait. 
 
1.5 Thesis outline 
 
The thesis consists of seven chapters. A total of 115 Figures and 33 Tables are used 
as illustrations within the text. The chapters are followed by the attachment of any 
necessary appendices and a list of references. 
 
Chapter one is an introduction to the present study, in which the concepts of tides are 
given. The fundamentals behind and the main terms used in the study of global tides 
are explained. Different types of ocean renewable energy resources: waves, OTEC, 
tides, and tidal currents are briefly introduced. For each of these energy resources the 
concept, the technology applied and the expected impacts on the marine ecosystem 
are highlighted. More details are given for tidal currents being the main resource of 
interest in the present work. The conditional criteria for a selected area in which to 
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deploy tidal turbines, as well as the different technologies of those turbines, are also 
introduced. 
 
Chapter two highlights the basic environmental characteristics of the Mediterranean 
Sea. The main biological and physical features of the Mediterranean basin are 
introduced. In addition, attention is focused on some major straits (Bosphorus, 
Dardanelles, Messina, Sicily and Gibraltar) within the Mediterranean basin and on 
their basic hydrological and tidal characteristics. The aim is to examine the suitability 
of any location within the Mediterranean Sea basin to be considered as a renewable 
energy resource using tidal currents. Literature reviews and results of previous 
surveys reveal that both tidal ranges and currents are weak enough within the 
Mediterranean that the whole basin has to be excluded from any energy plan. 
Nowhere within the Mediterranean basin satisfies th main principle criterion of tidal 
current velocity. This is true except at the Strait of Messina, where tidal currents are 
reasonably strong enough to be appreciated as a massive tidal current resource to 
harness energy. The discussion in this chapter justifies he choice of the Strait of 
Messina to be selected as an area of investigation.  
 
Chapter three deals with the area of interest in the present study: the Strait of 
Messina. The given characteristics (morphometry and tidal behaviour) of the Strait 
explain its exceptional potential within the Mediterranean basin as a massive 
renewable energy resource using tidal currents. In addition, this chapter focuses on 
the environmental impacts that may result from the process of energy extraction 
using tidal currents. This is performed through a detailed desk-based Environmental 
Impact Assessment (EIA) study, using the interactive matrix approach. Through the 
EIA study the European Union (EU) environmental legislation, the interactive matrix 
method and a monitoring programme are detailed. 
 
Chapter four introduces the concepts and meaning of ocean numerical modelling, 
their importance and their practical use. The basic Navier-Stokes equations are 
briefly introduced. This chapter also summarises the results of the numerical 
modelling studies carried out in order to simulate th circulation pattern of the 
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Mediterranean Sea and briefly discusses the results. In addition, the major numerical 
models used to simulate the global tides are introduce . Tides within the 
Mediterranean basin are omitted from these studies because of the naturally very low 
tidal characteristic of the Sea. 
 
Chapter five discusses the numerical simulation of the tidal current regime within the 
Strait of Messina. This chapter initially focuses on the results of some previous 
attempts to simulate tidal currents within the Strait. Then, the Tidal Flow 
Development (TFD) numerical model and its basic structure are introduced and 
briefly discussed. After that, the Strait of Messina is simulated numerically in 
different cases. The simulation process assures the effect of morphometry on tidal 
currents within the Strait of Messina and declares how the coastline configuration 
enhances tidal current velocities. The out-of-phase characteristic between the two 
extremities of the Strait and its effect in enhancing the tidal current velocity along the 
main channel of the Strait is confirmed and simulated o a satisfactory degree. 
However, the applied numerical model required modifications to the main code in 
order to mimic the Strait of Messina with its real configuration. These modifications 
are stated and justified in this chapter. 
 
Chapter six presents the physical simulation of the tidal flow regime in the Strait of 
Messina. This chapter starts with a general introduction to physical models, followed 
by an explanation of the Particle Image Velocimetry (PIV) technique. Using the tidal 
flow-table tank facility at the University of Edinburgh with a waterproofed plywood 
frame, the Tyrrhenian southward flow in the Strait of Messina is physically 
simulated. The present physical model confirms the eff ct of the constriction at the 
sill area in enhancing tidal currents in the Strait of Messina. In addition, gyre features 
at the southern region of the Strait of Messina are successfully simulated. 
 
Finally, chapter seven presents the results of the s udy in hand. This chapter begins 
with a discussion of each point examined in the thesis, followed by a set of 
conclusions and recommendations. This chapter ends with a set of points of the 
further work, which can be based on the present study. 
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1.6 Chapter Conclusion 
Different types of renewable energy resources exist in global oceans: waves, tides, 
offshore winds and currents. Studies and research have proven that the two most 
environment-friendly resources mentioned in the list above are waves and tidal 
currents. The latter are the resource of interest in the present study. To harness 
energy from tidal currents, different types of tidal turbines are deployed beneath the 
sea surface to convert the kinetic energy in the flowing currents into mechanical 
energy. A site suitable for the deployment of tidal turbines must satisfy three basic 
criteria: a water depth of between 25 and 45m, an appropriate distance to a near-by 
grid and, most importantly, a tidal current velocity which, according to the majority 
of studies, must not fall below 2 m/s in order to be economically feasible for the 
energy extraction process. The tidal current energy resource in the Strait of Messina 
is investigated in the present study through a full Environmental Impact Assessment 
(EIA) study, in addition to simulations for the tidal flow regime within the Strait 
using both a numerical and a physical model. 
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CHAPTER 2 
ENVIRONMENT OF THE MEDITERRANEAN SEA 
 
An Overview 
This chapter focuses on the environment of the Mediterranean Sea: its morphometry, 
biological features and physical properties. In addition, the main characteristics of 
some major straits within the Mediterranean basin are briefly discussed. 
The morphometry of the Mediterranean Sea is described n section 2.1. Section 2.2 
focuses on the biology of the Sea. The physical parameters and the water masses of 
the Mediterranean Sea, its circulation pattern and its tidal behaviour are discussed in 
sections 2.3, 2.4 and 2.5, respectively. Finally, some major straits within the 
Mediterranean basin and their main characteristics are introduced in section 2.6. 
2.1 Morphometry of the Mediterranean Sea 
The Mediterranean Sea extends between latitudes 30º 00. 0’ and 45˚ 00.00’ N and 
longitudes 06˚ 00.00’ W and 35˚ 00.00’ E. Figure 2.1 shows the geography of the 
Mediterranean Sea and the nomenclature of its major sub-seas. The Mediterranean 
basin is a large semi-closed basin, connected, at its western extremity, to the Atlantic 
Ocean through the Strait of Gibraltar. It is connected to the Black Sea by the 
Dardanelles/Marmara Sea/Bosphorus system. The shelf of the Mediterranean Sea is 
narrow and, in the north, is mostly bordered by mountain chains, e.g. the Sierra 
Nevada, Alps, Dinaric Alps, sloping steeply into the Sea, resulting in a narrow 
littoral zone and small drainage basin [45]. The Mediterranean Sea covers an 
approximate surface area of 2.5 x 106 km2 [46]. This is equal to only 0.82% of the 
surface area of the world oceans [47] and to 0.32% of the world water volume [14]. 
The coasts of the Mediterranean Sea extend for about 46 x 103 km and its average 
depth is 1.5 km. The greatest measured depth in the Mediterranean Sea is 5.1 km in 
the Ionian Sea [48]. The Sicilian-Tunisian sill, at a depth of 400 m, divides the 
Mediterranean basin into two distinct sub-basins: the western and the eastern basins, 
and acts as a geographical and hydrological frontier [49]. The western basin covers a 
surface area of 0.85 x 106 km2 while the eastern basin covers 1.65 x 106 km2 [50]. 
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Figure 2.2 shows the topographic features and the bathymetry of the entire 
Mediterranean Sea basin. 
 The western basin of the Mediterranean Sea comprises of the Alboran Sea in the 
extreme west between Spain and Morocco and the Balearic Sea off the Algerian 
coasts extending to the north to the Gulf of Lions. It also includes the Ligurian and 
the Tyrrhenian Seas to the north and the east of this western basin, respectively. The 
continental shelves of the western basin are generally narrow except along the coasts 
of the Gulf of Lions [51]. The Tyrrhenian Sea is the easternmost and deepest part 
(3500 m) of this western basin, and joins the rest of the western basin to the south in 
a wide opening between Sardinia and Sicily [51, 52].  
The eastern basin of the Mediterranean Sea is more complicated than its western 
counterpart. Four sub-sea basins may be identified th re: the Ionian, the Levantine, 
the Aegean and the Adriatic Seas. The Ionian Sea lies between Italy and Greece to 
the north, and Libya and Tunisia to the south, with a maximum depth of 5000 m 
south of Greece [45]. The Levantine Sea has depths of about 2500-3000 m in the 
centre of the basin and a maximum depth of 4500 m in a depression located southeast 
of Rhodes Island [51]. The Aegean Sea joins the Levantine through several passages 
located between Greece, Turkey, Crete and Rhodes. Its maximum depth is about 
1500 m and it has very irregular coastlines and topography [53]. The Adriatic, the 
most continental basin in the Mediterranean Sea, is enclosed between two mountain 
chains, the Apennine and the Balkans, and is elongated latitudinally [54]. It is 
connected to the Ionian Sea by the Strait of Otranto, whose width is about 75 km and 
whose sill depth is about 800 m [52].   
The Mediterranean Sea is used by humans for domestic and industrial waste disposal, 
plant cooling, marine mining, tourism and recreation, fishing, shipping and also for 
marine aquaculture [50]. 
 
 34 


































Figure 2.1: Geographic features of the Mediterranea n Sea 
 
 
Figure 2.2: Topographic and bathymetric map of the whole 
Mediterranean basin ( www.unipv.it/cibra/MedBathy%20800.gif ) 
 
2.2 On the biology of the Mediterranean Sea 
It is evident that the present marine biota of the Mediterranean Sea belongs to several 
bio-geographic categories [47]: 
1. Temperate Atlantic - Mediterranean. 
2. Cosmopolitan - Panoceanic. 
3. Paleo - Neoendemnic. 
4. Subtropical Atlantic. 
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5. Boreal Atlantic. 
6. Red Sea migrants, and 
7. Eastern Atlantic migrants. 
Compared with the Atlantic Ocean, the Mediterranean marine communities have 
more species with generally smaller individuals of shorter life cycles [55]. The 
Mediterranean Sea is considered to be oligotrophic; i.e. it is rich in oxygen content 
and poor in nutrients [49]. The Adriatic Sea, the Gulf of Lions and the Northern 
Aegean Sea are areas with relatively higher mean nutrie t concentration, higher 
primary and secondary productivity and sometimes with local algal blooms [56]. 
Eutrophication; i.e. an excess of nutrients and depletion of oxygen, may be observed 
in some near-shore areas and enclosed coastal bays along the Mediterranean coasts 
[57]. Figure 2.3 shows the areas along the Mediterranean coast where this 
phenomenon has been reported. These areas are influenced by direct river inputs and 
domestic sewage. The highest levels of productivity are also observed there. The 
major rivers that discharge waters into the Mediterranean basin and their average 
discharge [58] are: the Rhone (France; 1721 m3/s), the Po River (Italy; 1569 m3/s), 
the River Nile (Egypt; 1542 m3/s between 1912 and 1982, and 873 m3/s between 
1973-1982) and the Ebro River (Spain; 416 m3/s). 
 
 
Figure 2.3: Mediterranean Sea areas where eutrophic ation has been 
reported [57]  
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The Mediterranean fauna and flora have evolved overmillions of years into a unique 
mixture of temperate and subtropical elements, with a large proportion (28%) of 
species of economic values [59]. The flora and fauna of the Mediterranean Sea 
consist of sea-grass, pelagic and demersal species that are spread over the whole 
Mediterranean basin. More than 8000 species of macroscopic marine animals have 
been roughly estimated [47] to live in the Mediterranean (Table 2.1). The existence 
of this large number of species was explained by two facts: 
1. The Mediterranean Sea is older than almost any other global sea. Hence, it is 
more intensively studied than other oceans. 
2. The complex ecology of the Mediterranean Sea. 
The rapid changes in the Mediterranean biodiversity due to climate change and 
human impact have been alerted and pointed out [47, 59]. The most typical 
Mediterranean fauna and flora occur in the central parts of the Sea, especially in the 
central western basin [47]. 
Extensive sea grass beds lie in a fringe along the major part of the Mediterranean 
coastline with maximum abundance found in the Gulf of Gabes off Tunisia and the 
Gulf of Sirte off Libya [60]. These areas of sea grss are important locations for 
spawning, nursery and first feeding stages of many pelagic species in the 
Mediterranean. 
With respect to fish groups and fisheries, the Mediterranean Sea may be considered 
as one of the most diverse ecosystems in terms of groups of inhabiting species and 
total catch [61]. Herrings, sardines and anchovies represent 38%, coastal fishes 18% 
and molluscae 16% of the total Mediterranean catch [61]. From an economic point of 
view, Tuna and Swordfish, though being migratory fishes through the Mediterranean, 
are the most economically valuable fisheries in the Mediterranean basin [60]. 
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Table 2.1: Numbers of species of macroscopic marine  organisms in the 
world ocean and in the Mediterranean Sea [47] 
 
Species of marine mammals in the Mediterranean Sea include cetaceans (whales and 
dolphins) and seals [62]. Eight species of cetaceans re dominant in the 
Mediterranean: bottlenose dolphins, striped dolphins, fin whales, sperm whales, 
Risso dolphin, common dolphins, long-finned pilot whales and Cuvier’s beaked 
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whale [63-65]. The first seven species are cited as observed between 1986 and 1989 
in order of a decreasing frequency [63]. The last is the only species of beaked whale 
commonly found in the Mediterranean Sea [66]. The best-known species of 
Mediterranean seals is the Monk seal, which is one f the ten most threatened 
mammal species in the World [60]. Three turtle species are found in the 
Mediterranean Sea, two of which dominate the Mediterranean basin while the third is 
a visitor from the Atlantic Ocean [67]. 
As the Mediterranean Sea is a high-diversity ecosystem, it is highly affected by any 
external pressure on its environment. Such pressure [57] include: pollution, over-
fishing, habitat erosion, climate change, industrial activities and ferry routes. All are 
man-made effects. Briefly: mass tourism causes enormous changes in the 
Mediterranean Sea area leading to soil erosion, increasing discharge into the Sea and 
the destruction of natural habitat. Blue Plan scenarios show that the number of 
tourists is expected to increase along the Mediterran an coasts from 135 x 106 in 
1990 to 235-353 x 106 tourists in 2025 [68]. This increase will, no doubt, have an 
impact on the Mediterranean ecosystem. 
Fishing, during the 1990s, in the whole Mediterranean basin has increased by 12% 
with high exploitation of Tuna, Swordfish and many i vertebrate species [69]. Apart 
from the legal fishing processes, thousands of cetaceans are killed every year in the 
Mediterranean [49]. The use of cetacean meat for human consumption has been 
widely documented by surveying reports in Italy and Spain [70]. 
The maritime traffic and its related hazards also affect the Mediterranean Sea 
environment. A sinking tanker could cause an ecological catastrophe. There are 
many industrial and large commercial harbours distribu ed over the two basins of the 
Mediterranean Sea, e.g. Alexandria, Port Said, Sfax, C gliari, Marseille, etc. These 
harbours are being affected by different types of toxic pollutants that, in some cases, 
may totally destroy the marine environment. 
In order to protect the environment of the Mediterranean Sea, several conventions 
and action plans have been signed, for example: 
• Action plan for the conservation of Mediterranean marine turtles [71].  
• 112 designated Specially Protected Area (SPA) sites in the Mediterranean 
Sea under the UNEP-Protocol [72], 47 of which cover ma ine areas. 
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• Action plan for the conservation of cetaceans in the Mediterranean Sea [73, 
74]. 
• Action plan for the conservation of marine vegetation n the Mediterranean 
Sea [75]. 
Unfortunately, despite these conventions and protocols, human activities continue to 
have a great effect on the marine environment of the Mediterranean Sea. The 
following actions are recommended for further protection for the Mediterranean 
ecosystem biodiversity [57]: 
• Development of more national and Mediterranean-wide coordinated 
environmental plans. 
• Introduction of effective measures for environmental protection from 
increasing sea-transport, coastal-works and sea-exploitation activities. 
• Promotion of the biodiversity conservation conventio  comes in force. 
• Promotion of the existing action plans for species protection in the 
Mediterranean environment. 
• Increase in protection of the remaining pristine aras. 
 
2.3 Physical properties and water masses in the 
Mediterranean Sea 
A broad view on the physical characteristics of the Mediterranean waters leads to the 
following deductions: 
Hydrographically, in winter, the upper 400 m in the Mediterranean Sea are 
characterized by temperatures between 15.0˚ C and 17.0˚ C and a maximum salinity 
of 38.90 - 39.20 practical salinity unit (psu), whilst, in summer, the warming effect 
increases the temperature of the surface water (30 - 50 m) up to 28.0˚ C and a strong 
thermocline is developed [45]. The maximum salinity la er varies between 38.80 - 
39.20 psu. For the layer between 50 and 100 m, the temperature and the salinity 
range between 17.0˚ C and 22.0˚ C and between 38.60 and 38.80 psu, respectively, 
identified as the Atlantic water mass [76]. Below this Atlantic layer, intermediate 
water exists with a temperature ranging between 15.0˚ C and 17.0˚ C, and a salinity 
of 38.90 – 39.10 psu. Moving towards the bottom, i.e. below 1000 m depth, the water 
temperature and the salinity values fluctuate betwen 13.3˚ - 13.5˚ C and between 
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38.68 - 38.75 psu,  respectively [77]. Figure 2.4 is a satellite image taken in January 
1988 (winter season) for the surface temperatures of the Mediterranean Sea. The 
temperature values in the image  range from about 18º C (red, eastern basin), to 15-
16º C (orange-yellow, near Gibraltar) to ~ 13º C (light blue, Ligurian sub-basins) to 
~10º C or less (dark blue, Adriatic Sea) [78]. In the figure, ∑AE, ∑LW and ∑LE are 
areas where eddies accumulate in the east Algerian basin, western and eastern 
Levantine sub-basins, respectively. Using Extended Bathy-Thermograph (XBT) data, 
the temporal and spatial variability of temperature files was found to be significantly 
different in the Western and Eastern Mediterranean [79]. In the Western 
Mediterranean, the winter cooling leads to a loss of thermal stratification. In the 
Eastern Mediterranean, on the other hand, the stratification is always detected 
although varying with the seasons and strongly affected by the gyres.  The results of 
analysing data from satellites and using field data revealed a general increase in the 
Mediterranean surface temperature by 0.6˚ C in the last two decades [80]. The same 
trend of temperature increase, extended to sub-layers of the Mediterranean has been 
confirmed through a thermohaline investigation, between 2000 and 2006 [81]. 
Examining the evaporation process, which is a main c use in the general increase in 
Mediterranean salinity, the annual evaporation in the Mediterranean Sea is found to 
generally exceed the rainfall and the river runoff [57]. The Adriatic Sea, which 
receives a large amount of fresh water from the River Po, is the only part of the 
Mediterranean Sea that receives more fresh water than i  loses through evaporation 
[60]. 
 
Figure 2.4: Satellite image of surface temperatures  of the Mediterranean Sea in 
winter, January 1998 (the Black Sea has its own col our scale) 
(www.ifremer.fr/lobtln/OTHER/Millot_TL_fig1.gif ) 
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Within the Mediterranean Sea, three main water masses can be distinguished: 
1. Surface water, also known as the Atlantic inflow. This invades the 
Mediterranean through the Strait of Gibraltar and extends from the surface to 
a depth of about 150 m. 
2. Intermediate water, lying to the south of Turkey, is formed by cooling and 
evaporation processes during the winter. This layer extends from 150 to 600 
m depth, and flows at this depth out through the Strait of Gibraltar into the 
Atlantic Ocean. The region of formation of this water mass and its 
dependence upon the deviation of the heat budget from the long term average 
of the cold period of the year has been studied [82]. It is concluded that the 
formation of this water mass takes place in the Levantine Sea everywhere 
except in its southern and extreme eastern parts. 
3. Deep water, found below a depth of 600 m and formed by strong winter 
cooling and wind mixing processes south of France and in the Adriatic. 
All these water masses are closely related, and it is supposed that any significant 
modification involving a single water mass may propagate its effects to the others 
[83]. The observational evidence [83] shows that significant anomalies at the sea 
surface in the Eastern Mediterranean may have an effect on the deep layer of the 
adjacent basin. 
 
2.4 The general circulation pattern in the Mediterr anean Sea 
The Mediterranean Sea is one of the few locations in the world where deep 
convection and water mass formation take place and as such, it may be used to study 
the interaction of physical and dynamical processes [84]. The Mediterranean is also 
an important marginal basin to the North Atlantic producing very saline waters, the 
outflow of which through the Strait of Gibraltar may play an indirect role in the deep 
circulation of the North Atlantic [85]. The Mediterranean Sea acts like an ocean 
system in which several temporal and spatial scales (ba in, sub-basin and mesoscale) 
interact to form a highly complex and variable circulation [86]. The circulation 
pattern and the hydrography of the Mediterranean Sea ar  driven by the surface 
energy and heat exchange with the atmosphere and by the salinity and heat exchange 
through the Strait of Gibraltar [87]. The inflowing waters are altered by an excess of 
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evaporation over precipitation and slight cooling within the Mediterranean basin 
during their 100-year-long journey before returning back to the Atlantic [84]. The 
general circulation in the Mediterranean Sea is composed of sub-basin gyres: a 
cyclonic motion dominates the northern part of the basin and an anticyclonic motion 
in its southern part [88].  The earliest robust circulation descriptions of the 
Mediterranean Sea [89-92] were from basin-wide and low-resolution measurements. 
The Mediterranean Sea is now known to have a very high spatial and temporal 
variability at all scales, from small turbulences to basin scale processes [79].  
The modern research on the general circulation within the Mediterranean Sea as well 
as its thermohaline pattern and its variability, and the identification and qualification 
of critical processes relevant to ocean and climate dynamics involves several issues. 
This research includes [45, 76-78, 82, 93-110] and others. Consideration of such 
research reveals that the three distinguished water masses mentioned in section 2.3 
are found in the two basins of the Mediterranean. These water masses flow 
independently in a special flow regime. The circulation pattern of these three water 
masses, together, gives the general circulation pattern of the Mediterranean Sea. 
2.4.1. The surface water 
The circulation of the surface (Atlantic) water, shown in Figure 2.5, enters the 
Mediterranean through the Strait of Gibraltar. The topographic stress could be a 
significant factor driving the circulation in the whole Western Mediterranean at both 
basin and sub-basin scales [87]. Accordingly, in the extreme western basin of the 
Mediterranean Sea, the Atlantic inflow is first directed north-eastward due to the 
orientation of the Strait of Gibraltar then, due to the effect of Coriolis force, 
describes a clockwise gyre in the east of the Alboran Sea between Spain and 
Morocco and spreads toward the African coast. Later on, this superficial flow starts 
to separate to the along slope current of modified Atlantic water (lighter surface 
water) and the Algerian current (denser lower water). Due to complex hydro-
dynamical processes, baroclinic and barotropic instabili y mainly, the Atlantic water 
current generally develops meanders from about 0-1º E, creating an upwelling  and 
another two clockwise gyres, of approximately 100 km in radius are formed in front 
of the Algerian coasts [106]. These eddies can last for many months or even years 
[105].  
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It is stated that: “These eddies play a major role in the configuration of the general 
circulation and the distribution of the water masses and biogeochemical parameters 
in the Algerian Basin” [106].  
 
The surface current at this stage is 100 - 200 m thick and its maximum speed is of 
several tens of cm/s [45]. 
 
  
Figure 2.5: The surface Atlantic water circulation in the Mediterranean 
basin (www.ifremer.fr/lobtln/OTHER/terminology_curr ents.gif ) 
 
At the entrance to the Strait of Sicily, the Algerian current splits into two branches: a 
northern flow branch enters the Tyrrhenian Sea and a southern flow branch enters the 
Strait of Sicily itself. Observations show that 2/3 of the Atlantic waters enters the 
Strait of Sicily while 1/3 flows into the Tyrrhenian Sea [111]. This latter flow takes 
its pathway and branch flows anticlockwise around the Tyrrhenian Sea along Sicily 
and the Italian Peninsula before entering the Channel of Corsica. It then joins the 
west-Corsica branch so that the flow of Atlantic water reorganises itself again as the 
western basin gyre. This gyre continues along in the Ligurian Sea up to the Algerian 
and the entrance of the Alboran Seas where it closes. In the Ligurian Sea, the 
northern current is characterized by a maximum speed of tens of cm/s at its core, a 
width of a few tens of kilometres and a thickness of a few hundreds meters [45]. 
Since the Atlantic water is denser at this northern location than in the south, the 
northern current is narrower and deeper than the Alg rian current [95]. However, it 
displays a marked seasonal variability, being more int nse, narrower and deeper in 
winter [101].  The Gulf of Lions is a semi-circular continental shelf so that most of 
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the northern current flows as a major vein along the upper part of the continental 
slope, i.e. along its diameter [95]. Where the Atlantic surface water closes its western 
gyre [45], i.e. along the Spanish coast near the border between the Alboran and the 
Algerian Seas, the old water that has skirted the wole basin encounters the water 
that has just flowed in. Hence, large horizontal gradients occur there. The various 
islands in the western Mediterranean basin and their associated shelves have 
significant effects on the circulation of the surface Atlantic water within the basin. 
The Algerian eddies, blocked by the Sardinian and Tunisian converging shelves, 
often force the Atlantic waters southwards off western Sardinia, while the Atlantic 
waters released by the decaying of eddies in the north, is constrained to flow 
northwards off western Corsica [103].  
Some 2/3 of the Atlantic surface water enters the eastern Mediterranean basin 
through the Strait of Sicily [111]. Within the Strai  itself, the circulation is rather 
complex due to the complexity of the topography with numerous islands and banks, 
and to the large width of the Strait. At the exit of he Strait of Sicily, the eastern gyre 
starts to split into several components [45]: one is a north-eastward spreading branch, 
the second is the generation of mesoscale eddies that tend to drift in the central part 
of the Ionian Sea and the third is the regular flow along the Tunisian coast flowing 
eastward. A general cyclonic circulation pattern was proposed in the Levantine Sea 
as well as in the Ionian basin [97]. The geostrophic circulation of the central and 
eastern Mediterranean waters is stable in winter and utumn and is mainly 
characterized by a vast cyclonic gyre in the Levantine Sea and an anti-cyclonic gyre 
near the Egyptian coast [77]. 
2.4.2. The intermediate Mediterranean water 
Moving eastward to enter the Eastern Mediterranean basin, the surface Atlantic water 
is affected by the increasing rate of evaporation. Consequently, it becomes denser 
and starts to sink in the Levantine basin. This denser water, at 150 – 600 m depth, 
has a westward flow. The Levantine Intermediate Water (LIW) is believed to be 
formed mainly south-southeast of Rhodes [45]. Figure 2.6 shows the circulation of 
LIW in the Mediterranean Sea basin. This water mass is the warmest and saltiest 
water formed in the whole basin and can easily be tracked up to Gibraltar just below 
the inflowing surface Atlantic water. The importance of this intermediate water mass 
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lies in the fact that during its spreading phase it reaches the basin’s deep water 
formation areas and, being extremely saline (39 psu), helps in the preconditioning of 
the water column [112]. In the northern part of theLevantine basin, the intermediate 
water flows along the coasts of Crete and Rhodes, mainly due to the effect of the 
Coriolis force. This water then continues to flow from the Ionian Sea to the Western 
Mediterranean basin through the Strait of Sicily, over its sill, at 400 m depth [45]. 
Within the Strait of Sicily, the LIW flows along the Sicilian slope to strike Sicily, 
and then the circulation takes place around the Tyrrhenian Sea at 200-600 m [113]. 
The flow is still affected by the Coriolis force, so that it makes its way along the 
Italian Peninsula and south to the European coasts. When the LIW leaves the Strait 
of Sicily, it turns right along the Sicilian coasts and flows towards The Strait of 
Gibraltar along an anticlockwise pathway [94]. However, it has been reported [114] 
that there is a straight LIW flow from Sicily Strait toward the Sardinian Channel 
before this water reaches The Strait of Gibraltar. By taking the 1000 dbar surface as 
the level of no motion, the geostrophic current velocity ranges between 5-10 cm/s in 
the south Ionian Sea, 15-25 cm/s near the Egyptian co sts, between 35-40 cm/s in the 
eastern part of the Levantine Sea and 15-30 cm/s at the Strait of Crete [115].  
The LIW appears to play a major role in the functioning of the Mediterranean Sea 
[45]: firstly, because it is the warmest and saltiest Mediterranean water formed with 
the largest volume. Secondly, because it mainly flows along the northern continental 
slopes of both basins just below the Atlantic water thus being involved there in the 
offshore formation of all deep Mediterranean waters. The circulation of the 
intermediate water masses remains close to that of the surface layers [77]. The 
Levantine Intermediate Water formed in the Levantine basin is involved in the 
Levantine cyclonic gyre, and in the Aegean Sea, the int rmediate water moves 
through the eastern Strait of Crete. In the centre of the basin, this water is carried 
northwards by the cyclonic gyre of the Ionian Sea, while the south Ionian (Libyan) 



















Figure 2.6: The Levantine Intermediate Water (LIW) circulation at 500 m 
depth in the Mediterranean basin [45] 
 
2.4.3. The deep Mediterranean water 
The dynamics of the Mediterranean regional seas e.g. the Adriatic and the Aegean 
Seas, associated with their transport through their relatively shallow and narrow 
straits e.g. Gibraltar and Sicily, are of  primary importance for the circulation 
variability observed in the deep parts of the Meditrranean Sea [116]. Actually, the 
deep waters within the Mediterranean basin have two sources: eastern and western. 
The former comes from the Aegean and the Adriatic deep waters to form the Eastern 
Mediterranean Deep Water (EMDW). The latter comes from the Tyrrhenian and the 
Gulf of Lions deep waters, which together form the W stern Mediterranean Deep 
Water (WMDW). The two water sources for the EMDW are formed over troughs at 
the depth of 1000-1500 m in the southern Aegean andsouthern Adriatic, 
respectively, before out-flowing through the different openings to fill the total depth 
of the eastern Mediterranean basin of 4000-5000 m [117]. The circulation pattern of 
these deep water masses is shown in Figure 2.7. In this figure AeDW, AdDW, TDW 
and WMDW denote the Aegean, Adriatic, Tyrrhenian and Western Mediterranean 
Deep Waters, respectively. Field experiments conducte  in the early 1980s within the 
international co-operative research POEM programme (Physical Oceanography of 
the Eastern Mediterranean) demonstrated that a single homogeneous deep water 
body filled the entire Eastern Mediterranean below a depth of about 1200 m [104]. It 
is concluded that the deep water column is characterised by potential temperature 
and salinities slowly decreasing with depth, which implies a very low static stability. 
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Taking the upper boundary of the deep regime as 1200 m, the renewable period of 
the Mediterranean deep waters has been calculated to be approximately 126 years 
[118].  The deep waters from the Aegean and Adriatic Seas flow at the deepest point 
of Sicily Strait to the western Mediterranean basin. These waters are denser than the 
resident deep Tyrrhenian water, so they flow underneath and mix with these waters 
to form the Tyrrhenian deep water found at 2000-3500 m [45]. The Gulf of Lions 
deep waters are formed at 2000-2500 m depth and mix with the Tyrrhenian deep 
water flow as a continuation of the basin wide gyre in the Catalan, the Alboran and 
the Algerian areas [45]. These waters end their journey by flowing from the 
Mediterranean basin to the Atlantic Ocean through the Strait of Gibraltar.  
The influence of the Mediterranean Sea circulation pattern extends out of its proper 
basin with its two wings. The impact on the global oceanic circulation is more 
significant than previously realized due to its appreciable contribution to the North 
Atlantic bottom water thermohaline cell [119]. Morev r, it has been hypothesized 
that the climate of the entire North Atlantic and Labrador Sea areas is controlled by 




Figure 2.7: The deep water circulation in the Medit erranean basin [45] 
 
2.5 Tidal behaviour of the Mediterranean Sea 
Tides in the Mediterranean Sea are of the order of a few centimetres. Hence, 
Mediterranean tides have not been as intensively studied as other oceans and seas. 
Tides in the Mediterranean Sea are mainly of semidiurnal type. The tidal amplitudes 
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are of a few centimetres except in some places, such as the Adriatic Sea, the Aegean 
Sea and the Gulf of Gabes where resonance phenomena act to amplify the heights of 
the tides [14]. The tides in the Mediterranean Sea have been presented [14] as two 
standing waves, one covers its western basin and the other covers its eastern basin.  
Generally speaking, two main theories are proposed to describe the tidal motion in 
the whole basin of the Mediterranean Sea. The first describes tides in the 
Mediterranean Sea as an independent tide that only depends on the relative motion of 
the Sun, Moon and Earth, i.e. the Mediterranean tides are purely astronomic tides 
[121].  The second theory, on the other hand, describes tides in the Mediterranean as 
a result of two contributing factors: the independent astronomical tide and the effect 
of the Atlantic tidal wave (co-oscillating tide), which enters the Mediterranean 
through the Strait of Gibraltar and affects the Mediterranean tidal phenomenon at 
both basins of the Sea [14]. 
Using numerical models to explain tides in the Medit rranean Sea, a problem arises 
when trying to explain the effect of the Atlantic tidal wave on the Mediterranean tide. 
The effect of the closure of The Strait of Gibraltar on the Mediterranean tides has 
been examined [122]. Results reveal small differences in the tidal behaviour; hence it 
has been concluded that tides in the eastern Mediterranean basin are mainly 
astronomic. However, while the main impact of the Atlantic tidal wave may 
apparently be just on the Western Mediterranean basin, it has been found that the M2 
amplitude in the Aegean Sea is doubled upon the closure of The Strait of Gibraltar 
[123], hence the broad effect of the Atlantic tidal wave on the Mediterranean tides in 
its two basins has been confirmed. 
What is mostly accepted by many oceanographers and researchers is that the whole 
Mediterranean basin is affected in a relative manner by both independent and co-
oscillating tides: the Western Mediterranean basin i  affected by both independent 
and co-oscillating tides [7, 14, 124, 125], whereas the Eastern basin is affected 
mainly by the independent one. The effect of the co-oscillating tides is large enough 
in extent to be observed in the Sicily and Messina Str its. The combined effect of 
both independent and co-oscillating tides appears in the Strait of Sicily where 
complicated tidal processes may be observed. These processes appear in the M2 
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amplitude height (~ 1m) in the Gulf of Gabes off Tunisia and the amphidromic point 
off Cap Bon on the Sicilian coast [125]. 
The semidiurnal M2 amplitudes in the Mediterranean basin are, in general, less than 
10 cm [124]. These amplitudes increase in 3 defined ar as: the Gulf of Gabes, the 
northern Aegean Sea and the northern Egyptian coasts.  
Broadly speaking, the investigations of the tidal behaviour of the Mediterranean Sea 
and its environment reveal that both tidal ranges and currents all over the Sea basin 
are weak enough to be excluded from any considered plan to use this natural 
phenomenon as a renewable resource to extract energy. This fact may have some 
exception due to the irregularities in the coastlines of the Mediterranean which may 
give a chance for tidal current velocities to be enhanced, especially at the 
constrictions in the straits and the estuarine regions. The total average energy 
dissipation for the Mediterranean is estimated to be a out 8 x 108 W [126]. The 
available energy source in the Mediterranean rises from the independent tidal signal, 
i.e. excluding the Atlantic tidal effect, as 94% of the Atlantic wave is reflected at the 
entrance of the Strait of Gibraltar [121]. The results of the model [124] reveal that 
40%, 20%, 5% and 9% of the energy in O1, K1, M2 and S2 constituents, respectively; 
entering the eastern Mediterranean basin from the west passes through the Strait of 
Sicily. When the Strait of Gibraltar was closed, only the independent tidal force is 
considered, and the Western basin provides energy to the Eastern basin at all the 
frequencies involved.  
Having discussed the general tidal behaviour of the M diterranean Sea, it is 
important to examine this within some straits throughout the Mediterranean basin. 
This is in order to examine whether any location within the basin may be suitable 
enough to be considered as a renewable tidal energy r source using tidal currents. 
 
2.6 Some Straits within the Mediterranean Basin 
Due to its irregular coastlines and its complex morph metry, the Mediterranean basin 
contains many straits. These straits play an important role in controlling both the 
general and the thermohaline circulations in the Mediterranean Sea [112]. Examples 
of such straits in the Mediterranean Sea include: Bosphorus, Dardanelles, Messina, 
Sicily and The Strait of Gibraltar s, covering the basin of the Mediterranean Sea from 
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east to west. In the following sub-sections, the main characteristics of each of the 
mentioned straits will be briefly discussed. 
2.6.1. The Bosphorus Strait 
The Bosphorus Strait occupies the area between latitudes 41˚ 00.00’ and 41˚ 15.00’ 
N and longitudes 29˚ 00.00’ and 29˚ 09.00’ E. Figure 2.8 shows the Strait of 
Bosphorus and its borders. The Bosphorus presents a long narrow channel of 30 km 
length and is known as the narrowest strait in the World where the narrowest section 
is only 698 m at Kandilli-Rumelihisari-Bebek [127]. The maximum width of the 
Strait is 4.7 km in its northern entrance; while its southern entrance width is only 2.5 
km [127]. The depth within the strait does not exceed 110 m [128]. There are two 
sills in the Strait: one, near the southern entrance, is 34 m deep and the other, near 
the northern entrance, is 60 m deep [129].  The Strait connects the Black Sea (North) 
to the Marmara Sea (South). Historically, the Bosphorus has a strategic importance 
since it is the only maritime route for the five neighbouring Black Sea states 
(Ukraine, Romania, Georgia, Bulgaria and Russia) and the Central Asian Turkish 
Republics [127].  
Four factors control the water circulation in the Bosphorus Strait: the geographic 
structure (coastlines and constrictions), the salinity difference between the Black and 
Marmara Seas, the evaporation process and the wind regime. The general flow 
pattern in the Strait of Bosphorus is mainly hydrological depending on the haline 
differentiation between the water layers [130]. It consists of two layers of oppositely 
flowing currents. The upper layer current is coming from the Black Sea (north) 
towards the Marmara Sea (south) with a salinity ranging from 18 to 20 psu and a 
velocity of 0.5 - 1.0 m/s [131]. The lower layer current is running in the opposite 
direction from the Marmara Sea to the Black Sea, with a salinity ranging between 36 
and 38 psu and a velocity ranging from 0.3 to 0.7 m/s. Using the average salinity, the 
mass flux of the upper flow within the Strait was found to be twice as big as that of 
the lower one [132], i.e. there is a net flux of about 300 km3/year from the Black Sea 
to the Mediterranean Sea. Local topographic features have a significant influence on 
the flow and determine its detailed structure [133]. Observations suggest increased 
entrainment south of the contraction (upward) and past the northern sill (downward) 
in the Black Sea [130]. Generally speaking, the hydrological current speed within the 
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Bosphorus does not exceed 1.75 m/s [130]. The Bosphorus currents have a rapid 
response to sea level differences between the Black and the Mediterranean Seas.  In 
the Bosphorus tides are mainly of diurnal type with a spring tidal range of 2.5 cm 
[134, 135]. With respect to atmospheric pressure changes, the tidal levels in the Strait 
show a range in sea level of ∆Z varying between 0.2 m to 0.45 m [133]. The 
Bosphorus Strait is one of the heaviest sea-traffic regions in the World despite its 
extremely irregular coastline [127].  
From an energy-aspect point of view, discussing the det rmination of the appropriate 
energy policy for Turkey, the following is stated [136]:  
“In Turkey, the use of tidal energy is not possible. Also the sea traffic in Canakkale 
(Dardanelles) and Istanbul Bosporus obstructs use of a flows”. 
 
 
         
Figure 2.8: The Strait of Bosphorus (www.encarta.msn.com) 
  
 
2.6.2. Dardanelles Strait 
The Dardanelles Strait, shown in Figure 2.9, is a narrow strait in the northwest of 
Turkey. It connects the Aegean Sea to the Sea of Marmar  and is located at 
approximately 40˚ 13.00’ N and 26˚ 26.00’ E. The Strait is of 61 km long, 1.2 to 6 
km wide, with an average depth of 55 m and a maximum depth of 105 m in its 
narrowest central section [137]. As with the Bosphorus Strait, the Dardanelles Strait 
separates Europe from the mainland of Asia. The Strait is an international waterway, 
and along with the Bosphorus Strait, it connects the Black Sea to the Mediterranean 
Sea to create what is known as the Turkish Straits Sy tems [135].  Water flows 
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superficially along the Strait, from the Sea of Marm a to the Aegean Sea and in the 
opposite direction via an undercurrent. This is mainly a hydrological current regime 
that is mainly due to the haline difference between waters of Marmara and Aegean 
Seas.  
Tides in the Dardanelles Strait are mainly of a semidiurnal type [134]. The mean 
spring tidal ranges in the Strait of Dardanelles are 19 and 5.5 cm for central and 
northern parts, respectively [138]. The mean tidal current velocity in the Strait is 0.25 
m/s [137]. As with the Bosphorus, the same conclusion may be reached for the Strait 
of Dardanelles concerning its suitability as a place to harness energy using tidal 
currents. Apart from the massive maritime traffic passing through the Dardanelles 
Strait [136], the tidal current velocity is completely inconvenient for the process.  
 
Figure 2.9: The Strait of Dardanelles linking the M armara Sea (North) to the 
Aegean Sea (South) (www.encarta.msn.com) 
 
2.6.3. The Strait of Messina 
The Strait of Messina is considered to be an exception within the Mediterranean 
basin with its well-known, strong tidal currents. The Strait presents a vital water 
passage, between the Italian Peninsula and the Island of Sicily. The maximum tidal 
current velocity along the main axis of the Strait v ries between 1.8 m/s to more than 
3 m/s [139-141]. Therefore, the Strait is chosen to be the area of investigation in the 
present study. The main characteristics and properties of the Strait of Messina are 
given in detail in chapter three of this thesis to justify the choice of the Strait as a 
convenient tidal resource within the Mediterranean b sin.  
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2.6.4. The Strait of Sicily 
Figure 2.10 shows the Strait of Sicily. The Strait extends between latitudes 36˚ 
30.00’ and 38˚ 00.00’ N and longitudes 11˚ 00.00’ and 15˚ 00.00’ E. The Strait 
separates Sicily Island from the Tunisian coast, and the Western Mediterranean basin 
from its Eastern one. Two sills are present at the eastern and western extremities of 
the Strait. The maximum sill depths are about 400 – 500 m, whilst the depth in the 
interior basin of the Strait can reach 1400 m [142]. The minimum width of the Strait 
coincides with the western sill and is of about 140 km. Most of the studies that have 
examined the Strait of Sicily and its region have focused on specific processes based 
on cross-section, time series, coastal and surface obs rvations. The behaviour of 
circulation in the Strait has its special complex dynamics. The flow pattern in the 
Strait of Sicily may be described best as a two-layer flow system. In the Strait, the 
surface Atlantic water of lower density flows into the Eastern Mediterranean Sea, 
while the denser Levantine Intermediate Water enters he Western Mediterranean 
[143]. Additional intrusions of waters from the Ionia  Sea of intermediate properties 
between the Atlantic and the Levantine also occur, and result in important horizontal 
and vertical mixing processes [144]. The modelled [112] maximum exchange 
through the Strait is from November to February, with a volume transport of almost 2 
Sv. This is in good agreement with the in situ [114] measurements. The Levantine 
Intermediate Water leaves the Strait of Sicily to turn right along the Sicilian coasts 
and follows a cyclonic path from the Strait of Sicily to the Strait of Gibraltar [94]. 
However, it has been reported [114] that there is a direct path for this water mass 
from the Strait of Sicily to the Sardinian Channel. 
Tides in the Strait of Sicily are of semidiurnal type [145, 146] with an amphidromic 
point within the Strait [124, 145]. The cross transect component of tidal current 
velocity at 8 sections within the Strait of Sicily has been computed [147]. The 
velocity ranged between 0.20 to 0.55 m/s. Investigatin  the tidal current pattern in 
the Strait of Sicily, the maximum value of the current has been about 20 cm/s along 
the western sill of the Strait [142]. Along the east rn sill, on the other hand, this 
maximum velocity does not exceed 10 cm/s, as observed on Malta Plateau. The 
barotropic tidal energy budget reveals that 61% of energy dissipation occurs in the 
Gulf of Gabes, 13.6% of the total Strait domain, while the energy loss due to bottom 
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friction in the total domain of the Strait reaches 79% [146].  The Strait of Sicily does 
not fulfil the main condition of tidal current velocity [33] in order to be chosen as a 
tidal resource within the Mediterranean basin. 
 
Figure 2.10: The Strait of Sicily and its surroundi ng lands  
(www.encarta.msn.com) 
 
2.6.5. The Strait of Gibraltar  
The Strait of Gibraltar is located between the southern coast of Spain and the 
northern coast of Morocco as shown in Figure 2.11. The Strait extends between 
latitudes 35˚ 45.00’ and 36˚ 10.00’ N and longitudes 05˚ 20.00’ and 06˚ 00.00’ W. 
The width of the Strait ranges from 44 km (west section) to 14 km (Tarifa-Punta 
Cires section, or Tarifa narrows). The bathymetry of the Strait is very irregular with a 
minimum depth of about 300 m in the Punta Paloma-Punta Malabata section [148]. 
The Sill divides the main channel of the Strait in wo regions:  
1- The west region with a maximum depth of  630 m NE of Tangier, and  
2- The east region, known as Gibraltar Basin, with a mean depth exceeding 700 
m south of Punta del Acebuche. 
The Strait of Gibraltar is the single connection between the Atlantic Ocean and the 
Mediterranean Sea. The water body in the Strait and its approaches consists of a deep 
layer of saltier Mediterranean water and an upper layer of less dense Atlantic water 
[149]. The mean flow is composed of two counter-flowing layers: the surface layer 
flows eastward towards the Mediterranean Sea (Alboran) and the lower layer flows 
westward towards the Atlantic Ocean [150]. This current system in the Strait of 
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Gibraltar results mainly from the variations in temperature and salinity [151] and is 
modulated by the predominant semidiurnal tidal current [149]. Due to the complexity 
of its northern coastline and the presence of numerous islands, many small eddies 
and other local currents form an essential part of he general circulation in the 
Gibraltar area [152]. 
The exchange across the Gibraltar sill is found to be due in nearly equal parts to the 
mean currents and to the tidal fluctuations [153].  The water mass exchange in the 
Strait caused by the main semidiurnal tidal component M2 has been estimated [153] 
as 2.3 Sv. (incoming flow towards the Mediterranean) d 1.3 Sv. (outgoing flow 
towards the Atlantic). 
Tides in the Strait of Gibraltar are mainly of a semidiurnal type. The tidal flow in the 
area of the Strait is mainly driven by tidal differences between the Gulf of Cadiz in 
the western side and the Alboran Sea in the eastern ide [154]. The two independent 
tides, one from the Atlantic and the other from theM diterranean, drive water 
interchange between both seas and give rise to seemingly irregular currents in the 
Strait [152]. Two effects have been reported [150] for the effect of tides in the Strait 
of Gibraltar: the generation of strong surface currents through the Strait and the 
presence of internal waves with higher amplitude in its southern area. Tidal currents 
in the Strait of Gibraltar, generally, fluctuate betw en 60 cm/s and 1 m/s [155]. The 
highest intensity of tidal flows occurs in the Main Sill area because it is the minimum 
hydraulic section, and the lowest intensity occurs at the west and east ends of the 
Strait [156]. The maximum M2-tidal current velocity at the sill is 1.2 m/s [153]. The 
same conclusion may be reached for the Strait of Gibraltar as an unsuitable place to 
be chosen for an energy extraction process using tidal currents in the Strait. 
 
Figure 2.11: The Strait of Gibraltar (www.encarta.m sn.com) 
 56 
2.7 Chapter Conclusion 
The Mediterranean Sea basin is a large (2.5 x 106 km2), semiclosed basin connected 
to the Atlantic Ocean through the Strait of Gibraltar in its western extremity. The 
Mediterranean is one of the most researched sea basins in the world from all 
oceanographic points of view: physical, biological, chemical and geological. Three 
water masses: surface, intermediate and deep occupy the whole Mediterranean basin, 
strongly related to each other and circulate in a very well-studied pattern. The 
Mediterranean tides are of semidiurnal type and have not been intensively studied. 
This is mainly due to the centimetre order of tidal r nges within the whole 
Mediterranean basin. The associated Mediterranean tid l currents are also of a few 
cm/s velocities even when enhanced by the natural co stline configuration in the 
system of straits within the Mediterranean basin. This system includes: Bosphorous, 
Dardanelles, Messina, Sicily and The Strait of Gibraltar s. Investigations reveal that 
both tidal ranges and currents all over the Mediterranean basin are weak enough to 
be excluded from any tidal energy plan. The Strait of Messina is an exception with 
its reasonable strong tidal current velocities. TheStrait is, therefore, selected as area 
of investigation in the present work.  
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CHAPTER 3 
THE STRAIT OF MESSINA 
 
An Overview 
As mentioned in the previous chapter, the Strait of Messina is chosen as the area of 
investigation in the present study. In this chapter, he Strait will be examined in 
details. Recalling both the facts about tidal currents in the Mediterranean Sea and its 
major straits and the main tidal current velocity criterion [33] that should be satisfied 
by a tidal current resource, the whole Mediterranean b sin should be excluded from 
any proposed tidal energy plan. However, the discussion which follows will 
demonstrate how the Strait of Messina is an exception and will justify its use as a 
tidal current energy resource. The Strait, where the maximum spring peak tidal 
currents may reach 3 m/s, can be proposed as a massive tidal resource for the 
exploitation of tidal currents to generate electricity. 
Chapter three consists of five sections, the first of which is a description of the 
morphometry of the Strait of Messina. Section two focuses on the Strait’s biological 
structure. The physical properties and the circulation pattern within the Strait of 
Messina are presented in section three and its tidal features are discussed in section 
four. As our aim is to harness energy from tidal currents in the Strait of Messina, it is 
important to examine the effect of such an energy extraction process on the 
surrounding ecosystem. Therefore, a detailed desk-ba ed Environmental Impact 
Assessment study is given and discussed in section five.  
3.1 Morphometry of the Strait of Messina 
Figure 3.1 represents the geographical position and features of the Strait of Messina. 
The Strait is a narrow passage of water, which separates the main Italian Peninsula 
from the Island of Sicily and joins the Tyrrhenian Sea (north) to the Ionian Sea 
(south). The fit of the two bordering coastlines of the Strait, united as they were in 
the remote past, is still now perceivable [141]. The Strait of Messina extends 
between latitudes 37˚ 35.00’ and 38˚ 18.00’ N and longitudes 15˚ 06.00’ and 15˚ 
42.00’ E. The main axis of the Strait of Messina is oriented NE - SW in its northern 
part and N - S in its southern part. The width of the Strait decreases from 30 km 
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between C.S. Alessio and C. Armi (south) to 4 km betwe n Ganzirri and Punta Pezzo 
(north) [157]. The narrowest width within the Strai is 3 km and the smallest cross-
sectional area is 0.3 km2 in the sill region where the mean water depth is 80 m [158]. 
From the sill, the bottom slopes downward in the form of valleys on both sides. The 
natural constriction in the Strait extends uniformly for about 7 km and represents a 
barrier separating the Ionian and the Tyrrhenian Seas [140]. In the southern part of 
the Strait the water depth rapidly increases to reach more than 800 m depth 15 km 
south of the sill, while in the northern part it increases more gently to reach 400 m 
depth 15 km north of the sill [159]. The sill region in the Strait of Messina represents 
the junction point between two basins (Tyrrhenian and Ionian) of different physico-
chemical properties mainly due to the effects of the Atlantic and the LIW water 




Figure 3.1: Geographical position and features of t he Strait of Messina [161] 
 
On both sides of the Strait of Messina, the coasts re lined with beaches, bands of 
gravel and sand, which end towards the 100 m bathymetric contour where bare rock 
is exposed [162]. The seabed of the Strait of Messina (Fig. 3.2) is extremely non-
homogeneous comprising different types of strata distributed randomly along the 
axis of the Strait. It can be geologically classified as gravely sandy rocky. The sill of 
the Strait is of an erosive nature. Small sediment du es to the north and south of the 
sill, where velocities decrease due to the enlargement of the cross-sectional width, 
are made up of eroded materials from the sill region [160]. The seabed of the whole 
Strait may, therefore, be divided into the northern section to the north of the sill 
known as Scilla Submarine Valley and the section south of the sill known as the 
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Southern Messina Valley. Sand waves have commonly been observed along the 
seabed of the Strait. This phenomenon is an important oceanographic characteristic 
and has been the subject of many research studies, e.g. [160, 163, 164]. The 
importance of these waves stems from their high speed of propagation that may 
affect any submerged structure, cables and pipelines [160]. The bathymetry of the 
main body of the Strait of Messina is shown in Figure 3.3, based on data extracted 














Figure 3.2: Seabed structure of the Strait of Messi na [160]  
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Figure 3.3: Bathymetric chart of the main body of t he Strait of Messina 
based on data extracted from Admiralty Chart [165] 
 
3.2 On the biology of the Strait of Messina  
The Strait of Messina may be considered one of the ric st biological habitats within 
the whole basin of the Mediterranean Sea. The biological structure of the Strait 
consists of both marine biota (fauna and flora) andbir  communities. The latter may 
be readily observed within the aerial domain of the Strait. 
The hydrographic, physico-chemical properties as well as the biological processes in 
the Strait of Messina have remarkable effects on both the abundance and the 
structure of its planktonic, pelagic and benthic communities, making this ecosystem 
unique in the Mediterranean Sea with regard to biodiversity [166]. Due to the Strait’s 
turbulence, many organisms are found at a greater depth than in any area of the 
Mediterranean Sea [166].  
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The abundance of phytoplankton in the Strait of Messina is affected all the year 
round by variations in nitrate and salinity levels and seasonally by variations in the 
temperature [161]. As the whole southern area of the Strait of Messina is 
characterized by its upwelling process, an increase in the primary productivity of 
about 10 times compared to the Tyrrhenian waters is found there [167]. Hence, this 
southern tip of the Strait is considered to be the richest biologically due to the 
abundance of the first contributor in the oceanic food chain. The zooplankton 
communities in the Strait of Messina are mainly affected by both the upwelling 
phenomenon and by the current regime within the Strait [168, 169]. The vertical 
migration of the planktonic communities in the Strait of Messina is mainly affected 
by the day-light period. 
The marine macro-biota in the Strait of Messina comprises both of pelagic and of 
benthic species. However, the latter are rarely found in the Strait [166].  For pelagic 
species, the Strait of Messina is their principal habitat, a spawning and breeding area 
or a migratory route.  
Euphasiids (Krill) are a group of pelagic, shrimp-like crustaceans that play an 
important role in the marine food chains. The presence of this crustacean group and 
its abundance in the area of the Strait of Messina were reported by meso- and bathy-
pelagic stranded organisms [170], by studies on the feeding behaviour of the most 
common meso-pelagic fishes of the Strait of Messina [171] and by pelagic trawling 
nets and visual observations [172]. Recently, 12 out of 13 Mediterranean euphasiids 
species were found to live in the Strait of Messina [172]. The spawning areas of the 
European eel could be found close to the Strait of Messina [173]. Early evidence for 
this was provided [174]. 50 mm European eel larvae were discovered in the Strait 
[174]. The presence of adult eels in the Strait has also been reported [175, 176]. The 
Strait of Messina is also the breeding-ground for the Swordfish found in the 
Mediterranean Sea. The spawning season of this specie  in the Strait of Messina 
extends from the end of spring until the end of summer [177]. 
The Mediterranean Spearfish is one of the small size b llfish species, which inhabits 
the upper water layers of the Strait of Messina [178]. This is mainly due to the 
upwelling phenomenon that enriches these layers with nu rients. For this species, the 
Strait is a good place for spawning [179]. Eggs and l rvae of Spearfish were found in 
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the early 1970s in the plankton samples collected along the main axis of the Strait 
[180].  The average size of the Spearfish in the Strait of Messina ranges between 79 
and 193 cm, while the weight ranges between 1.4 and 36 kg [179]. This species is a 
common catch in the Strait during the period July – September [181].  Luminescent 
fish species also inhabit the Strait of Messina. These species are responsible for the 
luminescence of the water of the Strait beneath the superficial water layer. These 
species are mainly characterised by their vertical migration in the water column, 
which is controlled by the photoperiod cycle. Three luminescent species were 
observed [182] during initial research into the abundance and behaviour of these 
fish-species within the Strait: Argyroprlrus hemigymnus, myctophids and Cyclothone 
braueri. The first species was encountered between 180 and 500 m depth, the second 
from the surface to 550 m depth and the third betwen 330 and 530 m depth. Since 
those observations, these three species remain dominant n the Strait.  Cetacean 
mammals are of special importance within the Strait of Messina, and the Strait is 
characterised by several species. They comprise sperm whales, Cuvier’s beaked 
whale, striped dolphins and bottlenose dolphins. Fin whales, on the other hand, use 
the Strait of Messina as a migration route between th  Ionian and the Tyrrhenian 
Seas [63].  Tunas also use the Strait of Messina as the main migratory passage 
between the Western and Eastern Mediterranean basins [183]. Blue-fin Tunas are 
one of the most important Mediterranean commercial species found along the main 
axis of the Strait and are caught using purse seine, long-lines, hand lines, harpoons 
and driftnets [183].  
In addition to the aquatic biology, the Strait of Messina is an important European site 
for resident and migratory birds. The Strait is an important migration route for five 
bird species [184]. Since 1984, 40 resident species of raptors have been recorded in 
the area of the Strait [185]. In addition, Seagulls and ducks may be widely observed 
on the western coast of the Strait near Ganzirri [184]. 
 
3.3 Physical properties and circulation pattern in the Strait of 
Messina 
To the knowledge of the author, the recorded data files of the basic physical 
parameters (water temperature and salinity) in the Strait of Messina and its vicinity 
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are scarce. This may result from the complicated dynamics of the Strait created by 
the strong current regime and turbulence that exists there. The most relevant data 
available for these two important oceanographic parameters come from field work 
[139, 141]. Tables (3.1) and (3.2) show, respectively, the recorded water temperature 
and the salinity in the vicinity of the Strait of Messina. The parameters are measured 
on a layer basis from the surface to the allowed depth at the field stations shown in 
Figure 3.4. The anchored currentmeters record temperatur s and salinities 
simultaneously with current speed and direction. 
The water circulation system in the Strait of Messina is the result of two dynamical 
effects, which take place in the Strait: hydrological and tidal effects. The former is 
considered as the usual classical effect observed in any strait due to the vertical 
haline structure and density differences between water l yers. The latter, on the other 
hand, is of special concern in the case of the Strait of Messina. 
Waters in the Strait of Messina have two sources: the Tyrrhenian Sea (north) and the 
Ionian Sea (south). The hydrological current of the two-layer structure in the Strait of 
Messina (Fig. 3.5) results from the difference in the vertical haline structure between 
the water masses of the superficial lighter Tyrrhenian Sea (~ 38.00 psu) and the 
denser Ionian Sea (~ 38.80 psu). In addition, when t  waters of the two seas meet in 
the Strait of Messina, the water of the Ionian Sea, due to the large upwelling process 
in the southern extremity of the Strait, is colder and denser than that of the 
Tyrrhenian Sea [182]. Consequently, the two-layer flow system is established along 
the Strait of Messina, in which the Tyrrhenian water flows southward occupying the 
superficial layer to a depth of 30 m [48, 182] and the Ionian water flows northward in 
the lower layer from 30 m to the bottom. This system may occasionally be reversed 
due to changes in the salinity distribution, as was recorded on 24 and 25 October 
1995 when a reverse flow system occurred contrary to the usual situation [159]. The 
longitudinal velocity component of this hydrological urrent is much more important 
than the transversal one [139].  
 64 
 
Figure 3.4: Measurement stations in the Strait of M essina and its 






Figure 3.5: Behaviour of Temperature and Salinity v ariations resulting 
in (a) surface current from the Tyrrhenian Sea towa rds the Ionian Sea 




























































































Table 3.1: Recorded water temperature range (°C) in  the Strait of 
Messina in the vicinity of the Tyrrhenian Sea [186]  
 







38.06 – 38.22 
38.17 – 38.57 
38.30 – 38.62 
38.64 – 38.68 
38.66 – 38.75 
38.66 – 38.78 
37.50 – 38.10 
37.70 – 38.30 
37.70 – 38.46 
38.26 – 38.62 
38.66 – 38.70 
38.50 – 38.58 
 
Table 3.2: Recorded salinity range (psu) in the vic inity of the Strait of 
Messina [186] 
 
The hydrological current in the Strait of Messina has a velocity of ~ 0.13 m/s in its 
lower layer and a maximum velocity of ~ 0.10 m/s in its superficial layer [48, 187]. 
These velocity magnitudes may increase to 50 cm/s under the influence of wind and 
the upwelling process [140]. This means that the exchange flow can strongly 
fluctuate depending on wind and air pressure changes [158]. 
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Beside this hydrological current regime, tides have strong effects on the circulation 
dynamics within the Strait of Messina. Strong tidal currents, which dominate the 
Strait, are mainly due to tides in the Tyrrhenian and Ionian Seas whose phase is 
almost opposite, approximately 180° [48, 139, 140, 159]. This tidal phase difference 
is associated with an amplitude range of 0.27 m betwe n the two extremities of the 
Strait [140, 161, 187]. In general, the flood stream occurs when the current is 
directed toward the Tyrrhenian Sea, and the ebb stream occurs when the flow is 
towards the Ionian Sea [167, 188]. Due to this phase nd amplitude differences 
between the two extremities of the Strait, in addition to the natural morphometry of 
the coastlines, the velocities of tidal currents in the Strait of Messina are intensive 
and have extreme values in the context of the Mediterranean Sea. The highest 
velocity value is recorded at the sill region where its topography together with the 
natural morphometric constriction in the Strait’s borders, play an important role in 
increasing and enhancing the flow. The maximum velocities recorded in the sill 
region vary between 1.8 m/s to more than 3 m/s [139, 41, 158, 167, 189]. The M2, 
S2 and K1 components are the major harmonic tidal constituents [190], with a 
maximum total velocity value of around 2.30 m/s [160]. Such high velocities 
demonstrate the potential of the Strait of Messina for consideration as a renewable 
energy resource using the tidal current phenomenon. 
Eddies are another oceanographic feature associated with the current pattern in the 
Strait of Messina. The different characteristics of these eddies have been specified 
and their cause has been referred to the shear instab lities between surface and 
bottom waters [157]. 
 
3.4 Tides in the Strait of Messina 
It is obvious now that the tidal phenomenon is of special importance in the Strait of 
Messina. Indeed, tides may be considered as the main driving force for the intensive 
currents seen and measured along the Strait. Due to this fact, the physical tidal 
phenomenon in the Strait of Messina and the tidal harmonic constituents have been 
the subject of research and study since early days.  
Tides in the Strait of Messina are of a semidiurnal type. The importance of tides in 
the Strait of Messina derives not only from being a main driving force for the current 
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there but also from the fact that Messina is an amphidromic point for the tides of the 
two main basins of the Mediterranean Sea [191, 192]. Figure 3.6 is a schematic 
representation of the amphidromic point in the Strait of Messina. 
The initial attempt to explain the tidal dynamics in the Strait of Messina was through 
a proposed scheme of tidal oscillations generated by the M2 tide [193]. This scheme 
gave numerical solutions to the linear tidal equations. The Darwin method was 
applied [139] and successfully led to obtaining some tidal harmonic components for 
one of the 100 stations which were distributed all over the area of the Strait. At this 
station, which was located near the northern tip of the Strait (38° 15.15’ N; 15° 
37.15’E), the current meter was moored for 15 consecutive days [192]. The 
computed harmonic components [139] are: M2, 4, S2, N2, K2, K1, P1 and O1 (Tables 
3.3 and 3.4). From this analysis, the M2 component appears to be of particular 
importance in the Strait of Messina. The theoretical results [139] were later 
confirmed by experimental work [194]. This agreement between field and 
experimental results confirms that tides are the basic components of currents along 
the Strait of Messina. The linear and the non-linear tidal components in the sill 
region have been investigated [140]. Results confirm the outcomes [139] and show 
the importance of tidal currents in the Strait of Messina. These results also reveal a 
true thermocline at the depth of 20 m, which was not obvious in any previous study. 
This thermocline surprisingly occurs at this depth even with the apparent turbulent 
superficial tidal current in the Strait of Messina. This has been analytically explained 
[140] by the exceeded effect of nonlinear terms over th  linear one at that depth, and 
the confirmed strong influence of astronomical factors on the thermal water regime. 
Therefore, this is considered as a mathematical thermocline rather than an 
observational one. The data sets and the results [139] have been appropriately studied 
and displayed [191]. In addition, a numerical model to discuss the tidal phenomenon 
in the Strait of Messina has been represented.  
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Figure 3.6: A schematic representation of the amphi dromic point in the Strait 
of Messina  
Depth 
(m) 
M 2 M4 S2 N2 K2 K1 P1 O1 
5 131 11 35 20 10 34 10 14 
10 126 11 34 19 9 29 10 11 
20 124 13 30 19 8 29 10 11 
30 116 10 35 17 10 30 10 13 
50 115 9 36 17 10 29 10 15 
90 107 8 31 16 8 31 10 13 
 
Table 3.3: Tidal harmonic constituent velocities (c m/s) at station No. 1 in 




M 2 M4 S2 N2 K2 K1 P1 O1 
5 131 86 148 125 148 74 74 58 
10 130 79 150 124 150 74 74 73 
20 130 76 150 124 136 73 73 91 
30 129 60 139 123 139 64 64 97 
50 129 32 132 123 132 59 59 100 
90 130 0 137 124 137 66 66 100 
 




Having discussed the tidal behaviour in the Strait of Messina (phase, velocity and 
intensity), by recalling the facts about the other major straits within the 
Mediterranean Sea that have been discussed in chapter two of this thesis and by 
fulfilling the basic criterion of tidal current velocity required to consider a tidal 
current resource to harness energy, it is now convenient to choose the Strait of 
Messina as an exceptional suitable place within the Mediterranean basin to be used to 
harness energy from tidal currents. However, it is not sufficient just to select a place 
for the energy extraction process using tidal currents. The process of harnessing 
energy by deploying tidal turbines in the marine environment will, to some extent 
affect the surrounding environment. Therefore, it is important to evaluate and assess 
the expected impact on the ecosystem prior to any actual work in order to highlight 
the mitigation process and to propose an applied monitoring program to be in-force 
during the project operation. A full desk-based Environmental Impact Assessment 
(EIA) study is carried out for the case of the Strait of Messina in order to benefit 
from its massive tidal currents for the extraction of energy with the least possible 
impact on the surrounding environment. This is discus ed in detail in the next 
section. 
 
3.5 Environmental Impact Assessment (EIA) of the ti dal 
current energy resource in the Strait of Messina 
In the following discussion, a desk-based Environmetal Impact Assessment (EIA) 
for the tidal current energy resource in the Strait of Messina is presented in detail. 
For any actual project, the points discussed in this EIA should be examined 
practically for the specified site of work prior tocarrying out any work. In the 
following sub-sections the aims of the EIA, the European Union (EU) environmental 
legislation, the environmental keys assessment and a monitoring programme are 
discussed. 
3.5.1. Tidal energy and its development 
Tidal power is one of the earliest renewable energy forms used by man. Tidal power 
has been used since the 11th century when small dams were built along ocean 
estuaries and small streams [28]. However, the earliest-known tide mill, which is 
located in London on the River Fleet, may date back to Roman times, and the earliest 
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excavated tide mill, dating from 787, is the Nendrum Monastery mill on an island in 
Strangford Lough in Northern Ireland [195]. The difference in water level was used 
to drive wheels to mill grains and, in the modern age, to drive turbines to produce 
electricity. This has come to be known as “tidal barrage” technology. The main 
requirement for cost-effective electric energy using this approach is to have a high 
tidal range. This range has been reported [15, 20, 29] to be at least 5 m. Tidal barrage 
development is presently limited because of the high capital costs of such systems, 
the long construction time and environmental impact concerns [196]. 
In the last few decades, technology to exploit the kinetic energy in regions of 
extreme tidal currents has also been considered. Pr-commercialisation examples of 
this technology [197-199] are now undergoing full scale testing, and the future for 
this technology approach appears bright. It has been w ll documented that tidal 
currents throughout Europe and the UK represent a significant sustainable energy 
resource and it is widely accepted that tidal current power could supply energy to the 
EU and the UK [200, 201]. 
Two principal types of tidal currents energy converters are presently the target of 
research to produce electricity. The first type uses tidal currents to rotate blades 
attached to vertical structures, similar to the way in which wind-energy is harnessed 
by turbines. The second type uses tidal currents to create an oscillatory motion of 
hydroplanes. 
The technologies proposed for harnessing energy from tidal currents to generate 
electricity will not directly produce any carbon emissions or any harmful by-product 
that may affect the resource itself or the surrounding environment. This is of major 
significance given the need to reduce carbon emission  reflected in various EU 
carbon reduction targets. Technically, it is possible to extract energy from tidal 
currents with no pollution during operation and with a presumed low environmental 
impact [31]. However, this cannot be a one hundred p r cent guaranteed because 
anything which is introduced to the marine ecosystem will potentially affect its 
balance. Generally speaking, the environmental impacts from tidal turbines are 
believed to be limited [196, 233, 234]. The main effects may be on shipping, 
navigation and fishing. Additionally, harnessing energy from tidal currents will 
reduce the local current velocity and hence impact on the local ecology and the 
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sediment transport processes [22, 23, 34, 35]. So even, a ‘renewable’ energy concept 
with all its socio-environmental benefits in terms of sustainability, local security of 
supply and low carbon footprint still has to undergo rigorous environmental 
assessment. 
3.5.2. Aim of the Environmental Impact Assessment 
An Environmental Impact Assessment (EIA) may be defined as the examination of 
the likely impacts on the surrounding environment that will result from any proposed 
project prior to that project being started. 
EIA, according to legislation, is a process required under the terms of EU Directive 
97/11/EC, which amends the terms set out in Directiv  85/337/EC on the assessment 
of the effects of certain public and private projects on the environment [200]. An EIA 
can accordingly be considered as a process of identifying, getting and predicting 
information on the potential impacts of a proposed action or development on the 
environment and to propose the measures to address and mitigate these impacts. 
Paragraph 2 (C) of the second schedule of the 1989 European Regulations outlines 
the following headings as specified information which shall be included in the 
environment assessment [202]: 
 “A description of the likely significant effect, direct and indirect, on the environment 
of the development, explained by relevance to its impacts on human beings, flora, 
fauna, soil, water, air, climate, material, landscapes and the cultural heritage”. 
 
Thus, we can specify the aim of our EIA in the following two points: 
1. To assess the environmental impacts associated with exploitation of a tidal 
current energy system. 
2. To set up a programme to quantify their importance practically. 
3.5.3. The European Union (EU) Environmental Legisl ation 
It is widely accepted that tidal current power can ge erate an efficient and consistent 
energy supply, especially with the continuing research nd development efforts in the 
EU. However, a principal barrier that inhibits this development is the environmental 
uncertainty issue related to the tidal current technology and how it may affect the 
marine environment. 
Tidal current energy appears to have the least enviro mental impacts among other 
renewables although most, if not all, of the renewable energy resources developed so 
far have some adverse impact to some degree [203]. For tidal current energy to be 
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economically efficient, it is envisaged that devices will need to be deployed in 
clusters or ‘farms’. This centralisation has the potential for adverse environmental 
impact [200]. 
There have been a few generic studies investigating the topic of the environmental 
impacts of marine renewable energy. Environmental aspects of tidal barrage schemes 
have been evaluated [204-206]. However, there has, as yet, been no specific study 
into the impact of tidal-current energy schemes [206]. 
There are eleven principles listed in the first EU environmental programme released 
in the year 1972. These principles are basics that are always present even with any 
changes and modifications in acts, codes and laws. These principles [207] are: 
1. Prevention is better than cure. This principle was taken up again under the 4th
environmental action programme. 
2. Environmental Impact Assessment should be considered at the earliest stage 
in decision-making. 
3. Exploitation of nature which causes significant damage to the ecological 
balance must be avoided. 
4. Scientific knowledge should be improved to enable action to be taken. 
5. The ‘polluter pays’ principle, i.e. polluter should pay for repairing any 
environmental damage. 
6. Activities in one Member State should not have detrimental effects on the 
environment in another. 
7. Environmental policies in all member countries must take into account the 
interests of the developing countries. 
8. The EU and its member countries should promote interna ional and 
worldwide environmental protection through international organizations.  
9. Environmental protection is everyone’s responsibility and therefore education 
is necessary. 
10. Environmental protection measures should be taken at the most appropriate 
level taking into account the type of pollution and the action needed. 
11. National environmental programmes should be co-ordinated on the basis of a 
common long term concept and national policies should be harmonised 
within the EU community. 
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The 5th environmental action programme for sustainable development within the EU 
covered the period 1992-2000 [208]. This action programme focused on reducing 
pollution levels, implementing legislation that would benefit EU citizens and 
integrating the environmental dimension into all areas of commission policies. The 
programme, also aimed at achieving a better environmental protection, has two main 
terms [56]: 
1. Defining the term of sustainable development as “development which meets 
the needs of the present without compromising the ability of future 
generations to meet their own needs”. 
2. Measuring the environmental degradation. 





5. Manufacturing industry. 
Article 130r in title VII/part II of the treaty of Rome 1958 identifies three objectives 
in relation to the environment. These are: 
1. The preservation, protection and improvement of thequality of the 
environment. 
2. To contribute towards protection of human health. 
3. Ensure a prudent and rational usage of natural resou ces. 
Regarding the Aquatic Environment, the EU environmetal legislation may be set in 
three broad categories [207]. These are: 
1. Regulations setting water quality objectives for various uses. 
2. Directives to limit or prohibit discharges of dangerous substances into waters 
by industrial plants. 
3. Provisions on marine pollution, which aim to put an end to marine pollution 
in order to protect the North Sea, the Baltic and the Mediterranean, in 
addition to prevent pollution in these aquatic environments from land-based 
sources. 
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What is of concern in our case study is Category 3, which conserves the marine 
environment from any type of pollution resulting from any source or due to the use 
of any technology. 
The main codes dealing with this case are: 
Council Decision 75/437/EEC [209] aimed at preventing marine pollution from 
land-based sources (i.e. that emanating from watercourses, underwater pipelines and 
ports) in the northeast Atlantic and Arctic Oceans, the North and Baltic Seas and 
parts of the Mediterranean. This was extended in 1986 to cover marine pollution by 
emissions into the atmosphere. A proposal on the introduction of emergency 
procedures to combat marine pollution by oil and other pollutants following 
accidents has been under consideration since 1983, but a set of measures has yet to 
be agreed by the Council of Ministers for the Environment. In 1990 it was agreed to 
impose a total ban by 1993 on the dumping of industrial waste in the North Sea 
though it was permitted to dump PCBs until 1999.  
Directive 96/61/EC on INTEGRATED POLLUTION CONTROL [210] aims to 
modify and supplement existing Community legislation concerning the prevention 
and control of pollution from industrial plants in order to achieve an integrated 
approach to pollution prevention so as to preserve and improve the quality of the 
environment, protect human health and to ensure a rational utilisation of natural 
resources. It lays down the criteria by which Member States will grant operating 
licences to a range of industries and processes which come within its scope. The 
impacts of emissions to all media (air, water and soil) have to be taken into 
consideration and minimised in an integrated fashion, without placing an undue 
pollution-load on any medium.  
Dealing with the conservation and protection of living organisms from any external 
effect, the following legislation were set by the EU: 
Council directive 78/659/EEC (FRESH WATER FOR FISH) [211]: the aim of 
this Directive is to set quality objectives for fresh waters so as to protect fish life 
from the discharge of pollutant substances into waters. The Directive laid out 
sampling and monitoring procedures and definitions f conformity between Member 
States. Under the Directive, Member States must designate fresh waters needing 
protection in order to support fish life. 
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Council Directive 79/923/EEC (Quality of Shellfish Waters) [212] is intended to 
protect and improve the quality of coastal and brackish waters (again designated by 
Member States) for shellfish growth.  
Council Regulation EEC/348/81 (CETACEANS) [207] requires a licence for 
imports of whale parts and products and prohibited the issue of such a licence for 
products used for commercial purposes after January 1982.  
Council Regulation EEC/3418/83 [207] sets out requirements for a uniform system 
of permits and licensing governing import and export of specimens listed under the 
Convention on Trade in Endangered Species. 
The definition of renewable energy resources used in the EU legislation may be 
found in EU Directive 2001/77/EC [213], as follows: 
2 (a) Renewable energy resources shall mean renewable, non-fossil energy sources 
(wind, solar, geothermal, waves, tidal, hydropower, bio-mass, landfill gas, sewage 
treatment plant gas and bio-gas) 
For tide, wave and wind power generation, the EU [214] set the following directives: 
 
European Legislation Provisions 
 
98/352/EC Decision concerning a multi-
annual programme for the promotion of 
renewable energy sources in the 
Community. 
 
Encourages Member States to increase 
renewable share of energy supply from 
4% to 8% by 2005. 
 
Directive 2001/77/EC of the European 
Parliament and of the Council of 27 
September 2001 on the promotion of 
electricity produced from renewable 
energy sources in the internal electricity 
market. 
 
A proposal for a directive on the 
promotion of electricity from renewable 
energy sources has been unveiled aiming 
to double 'green' energy. The non-
binding indicative national target for 
renewable sources for the UK is from 
1.7% in 1997 to 10% in 2010. 
The Scottish Government has set the 
target for energy production from 
renewable sources at 18% by 2010. 
 
Table 3.5: European legislation for tide, wave and wind power generation 
In January 2008, a new EU directive on the use of energy from renewables was 
approved. The new plan targets an increase in the level of the EU power generated 
from renewables by 2020 to 20% [215]. This proportion s proposed to increase to 
reach 50% and more by 2040/2050 [216]. 
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3.5.4. Factors affecting the choice of location of a tidal turbine 
There are several factors which must be taken into account when considering the 
assessment of the tidal current energy resource in the Strait of Messina. These factors 
will affect not only the choice of the mooring location and fixation of the turbine but 
they will also affect the surrounding environment during long-term operation of the 
turbine. These factors include: 
3.5.4.1. The tidal resource itself 
Operation of a tidal turbine is dependent on the nature of marine currents in which it 
is situated. Tidal currents are stronger where the flow is constrained by topographic 
features, e.g. sills, estuaries and irregular coastline . Areas where significant tidal 
currents exist are generally found in regions around headlands and narrow straits. It 
has been suggested that turbines need a mean springpeak tidal current velocity of at 
least 2 m/s in order to operate effectively. Higher v locities are more desirable and 
have more potential for economic operation. Underlying the tidally driven flow in the 
Strait of Messina, there exists a persistent density dr ven flow. This hydrodynamical 
current is a two-layered current system in which the lighter Tyrrhenian waters 
occupy the superficial layer and the denser Ionian w ters fill the lower layer. This 
density-current flows with a velocity of order of magnitude of 10 cm/s in both layers 
and this may increase to 50 cm/s under the influence of wind and the upwelling 
process [140]. This means that exchange flows can stro gly fluctuate depending on 
wind and air pressure changes [158].  
Tidal hydrodynamics have significant impacts on flow development within the Strait 
of Messina. The strong tidal current that dominates the Strait is mainly due to the 
tides in the Tyrrhenian and Ionian Seas, which are almost totally out-of-phase [48, 
139, 140, 159]. This phase difference is associated with a maximum amplitude range 
of 0.27 m that occurs between the two extremities of the Strait [140, 161]. In general, 
the flood is directed toward the Tyrrhenian Sea, and the ebb towards the Ionian Sea 
[188]. The highest speed is recorded at the sill region, where the natural topographic 
constriction in the Strait’s borders enhances flow velocities through the passage. The 
maximum velocities recorded in the region vary between 1.8 m/s to more than 3 m/s 
[139, 141, 158, 167, 189]. The M2, S2 and K1 components are the major harmonic 
tidal constituents with maximum total velocity value around 2.30 m/s [160]. Such 
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high velocities demonstrate the potential of the Strait of Messina for consideration as 
a renewable energy resource using the tidal current phenomenon. It should, however, 
always be appreciated that high tidal current speeds r present a necessary but not 
sufficient indicator of potential for energy extraction.  
3.5.4.2. Water depth 
First-generation tidal turbine concepts that have reached the stage of full-scale pre-
commercialisation testing tend to have specific depth requirements and have to be 
fixed in water of a depth ranging between 20 m and 45 m [33, 200, 217]. This 
limitation is generally related to operational constraints regarding the installation and 
continuing maintenance of the proposed device concepts. Second generation 
technologies may overcome this constraint. 
In the Strait of Messina, this constraint restricts potential locations for tidal turbines 
to particular near-shore coastal areas where the tidal currents reach suitable velocities 
and the water depth does not exceed 45 m. 
3.5.4.3. Distance from the coast 
This factor may affect the turbine location in two ays: 
1. Economically: the shorter the distance from the coast, the shorter the cables 
needed to connect the turbine to the electricity-grid on land. This means a 
reduction in capital costs relating to the construction of the farm of devices.  
2. Operationally: moving far offshore generally reduces the tidal currents.  
Care must be taken not to affect other coastal human activities with the choice of the 
suitable distance to allocate the turbine. 
As the Strait of Messina is an important area for maritime navigation and leisure 
activities, this may also impose a further constrain  on the location of the farm. 
3.5.4.4. Wave conditions 
As tidal turbines operate totally beneath the water surface, the wave action will have 
only limited influence on its operation, although it is acknowledged that this is a 
subject of ongoing research [218]. The Strait of Messina is known for both surface 
and internal wave propagation. Surface waves, as shown in Figure 3.7, generally 
propagate southward, following the hydrological current scheme in the Strait. 
Internal waves, as shown in Figure 3.8, appear to foll w two propagation patterns 
within the Strait: the first propagates northward with an average speed of 1 m/s and 
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the second propagates southward with an average speed of 0.90 m/s [158]. These 
waves are observed at the northern and southern extremities of the Strait [219, 220]. 
As the recommended location for the deployment of aturbine is near the sill at the 
Strait’s main constriction, where tidal current is enhanced to reach its peak velocity 
(~ 3 m/s), it is likely that the influence of waves on the location of tidal turbines 
within the Strait itself will be minimal. 
 




Figure 3.8: Propagation of internal wave sets in th e Strait of Messina viewed 
by ERS-1 [158] 
 
3.5.4.5. Seabed configuration and dredging areas 
The seabed configuration affects the choice of the location of the installation of tidal 
plants. It is generally preferable to have bedrock, or at least a stable bed material to 
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allow the safe installation of the body of the support structure of the turbine. 
Additionally, it is preferable if the seabed is flat in order to facilitate positioning of 
the device and to limit local three-dimensional flow structures. The turbidity 
resulting from flow irregularity may increase the load on the turbine and, hence, 
affect its performance. 
The bed of the Strait of Messina is defined as gravely sandy rocky, and is generally 
well suited for the siting of turbines. However, an important bed feature in the Strait 
of Messina is propagation of sand waves. The locatins and the behaviour of these 
waves have been extensively investigated, e.g. [160, 3, 164]. Results reveal that 
these waves are present at the northern and southern extremities of the Strait and 
rarely found within its central area. Hence, the location of the tidal turbines in the 
narrows region of the Strait will not be affected by this phenomenon in any way. 
3.5.4.6. Navigation 
The location of the tidal turbine farm needs to be chosen to avoid major shipping and 
navigation routes. The farm may not, on the other hand, affect the movement of 
small leisure crafts. 
The Strait of Messina is the main route used to link the Italian Peninsula (Villa San 
Giovanni and Reggio Calabria) to Sicily (Messina) via ferry transport. Care must be 
taken to site the farm in a location that does not i terfere with the well defined ferry 
routes (Fig. 3.9). The size of the rotor of the deployed turbine, according to the 
navigation activity and water depth, has to be carefully determined. The top of the 
rotor needs to be at the lowest astronomic tide (LAT) minus 1.5 m for the lowest 
negative storm surge, minus 2.5 m for the trough of a 5 m wave and minus a further 
5 m to minimise the potential for damage from shipping and waves [34].   
Navigation between the Tyrrhenian Sea (north) and Ionian Sea (south) along the 
main axis of the Strait is difficult due to the harsh conditions resulting from the 
currents and winds that dominate the area. As the areas with the greatest tidal 
currents, in the sill region of the Strait and its surroundings, are of most interest for 
siting any farm of devices, there appears to be very limited conflict of interest with 
major shipping in this instance, as the navigation channels avoid the shallower, 




Figure 3.9: The ferry routes between Italy and Sici ly  
(www.v-sol.co.uk/gumball3000/imagesmaps/Messina%20F erry.jpg) 
 
3.5.4.7. Fishing and Biomass 
Even though the allocation of tidal turbines in themarine environment may not affect 
the fisheries themselves, it may have an impact on the fishing processes. Care must 
be taken to choose a place as far as possible from the major fishing areas. However, 
as farm placement potentially creates a fisheries exclusion zone in the vicinity, there 
is potential that this exclusion zone could provide a haven for local fish populations 
and hence enhance fish species in the Strait. 
 
Having discussed the factors affecting the choice of location of tidal turbines, it is 
now possible to identify and assess the environmental impacts expected from 
harnessing energy from the tidal current in the Strait of Messina. The advocated 
methodology [221] has been applied. This method consists of the identification of the 
key environment and project interactions using a simple check-list structure to 
construct an interaction matrix. The latter may be defined as a semi-quantitative 
method to identify the main components of the ecosystem and to assess the 
interactions among them [222]. The interaction matrix applied in this study is 
extended to incorporate all aspects of the EIA process. The likelihood and the 
interaction magnitudes are all considered using an interaction matrix model. This 
approach is used in many environmental research studie , e.g. [200, 221-224]. 
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3.5.5. Identification of key project activities 




• Movement of installation 
equipment 
• Transportation of device 
components (e.g. foundations, 
towers, nacelles, blades… etc.) 
Installation  • Physical presence of installation  
      equipment 
• Piling foundations (if required) 
• Grouting/cementing of material 
during installation 
• Disposal of spoil from drilling 
• Jack-up crane Barges 
• Barge installation cables 
• Power Cable installation 
• Construction activities 
Operations and Maintenance (O&M) 
 
• Overall structure presence 
• Rotor effects 
• Extraction of tidal current energy 
• Routine maintenance/emergency 
      repairs 
• Physicality of grid connections 
• Overall generation of electricity 
Decommissioning • Physical removal of device etc. 
• Disposal 
• Presence of decommissioning 
Vessels 
 
Table 3.6: Key Project Activities 
3.5.6. Identification of environmental impacts 
The impacts of installation, O&M and decommissioning processes on the different 
environmental variables are shown in the matrix (3.7). This matrix may be 
considered as a conceptual model of the environmental valuation. In this study, the 
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different ecological parameters that may be affected during each operation phase, as 
hypothetically proposed by the author in this case, ar  listed. These may vary from 






























































































































    ٠ ٠ ٠ ٠ ٠ ٠ ٠ ٠  ٠ ٠   ٠  
Piling 
foundation 
  ٠ ٠ ٠ ٠ ٠ ٠ ٠ ٠  ٠ ٠  ٠ ٠ ٠ ٠  
Cementing    ٠ ٠ ٠ ٠ ٠ ٠ ٠ ٠  ٠ ٠  ٠  ٠  
Jack up 
Barges 
  ٠   ٠  ٠  ٠  ٠ ٠  ٠ ٠ ٠ ٠  
Structure 
installation 
  ٠ ٠ ٠ ٠ ٠ ٠ ٠ ٠  ٠ ٠ ٠ ٠ ٠ ٠ ٠  
Cables 
installation 
  ٠ ٠ ٠ ٠ ٠ ٠ ٠ ٠  ٠ ٠ ٠ ٠ ٠ ٠ ٠  
Land based 
activities 
  ٠ ٠ ٠ ٠     ٠ ٠ ٠ ٠   ٠ ٠  
Operation phase 
O & M   ٠ ٠ ٠ ٠ ٠ ٠ ٠ ٠ ٠ ٠ ٠ ٠  ٠  ٠ ٠ 
Rotor 
effect 
٠ ٠ ٠ ٠  ٠ ٠ ٠ ٠ ٠ ٠ ٠ ٠ ٠ ٠ ٠ ٠ ٠  
Decommissioning 
Vessels   ٠ ٠ ٠ ٠  ٠ ٠ ٠ ٠     ٠  ٠  
Structure 
removal 
٠  ٠ ٠ ٠ ٠ ٠ ٠ ٠ ٠ ٠ ٠ ٠  ٠     
Disposal       ٠   ٠        ٠  
 
Table 3.7: Conceptual model of the environmental ev aluation 
3.5.7. The significance of the environmental impact s 
Tables (3.8) and (3.9) represent the degree of likelihood of occurrence and the level 
of magnitude of the environmental impacts, respectiv ly. The combination of both 
tables, according to the author’s point of view, appears in matrix (3.10). This matrix 
assists in decision-making and the assessment of the impact of the project on the 
marine environment. The expected major impacts in the case of harnessing energy 
from tidal currents in the Strait of Messina, according to Table (3.10), based on the 








One-off event 1 
 
Table 3.8: Degrees of likelihood of impact occurren ce 
 
Magnitude level Definition 
Major Impacts are severe. They may have an effect on 
internationally or nationally protected species, designated 
sites or habitats 
Possible effect may be on infrastructure and local 
residences.  These are difficult to restore. 
Moderate Impacts leading to short-term damage with recovery 
expected within 2 years. May have an effect on protected 
locally-important sites. Mitigation and remedy possible 
with consultation.  
Minor Changes caused by impact are within the scope of natural 
variability. They have little effects on the surrounding 
environment. 
Positive These impacts may enhance the area either biologicaly or 
socio-economically, i.e. they benefit the local, regional and 
national economy or increase tourism etc. 
 






























































































































    1   2 1  3 1 3 1 1 1 1 1  
Piling 
foundation 
  1 1 1 1  1 1  1 1 1 1 1 1 1 1  
Cementing    1  1  1 1  1 1 1 1 1 1  1  
Jack up 
Barges 
  1 1 1 1  1 1  1  1  1 1 1 1  
Structure 
installation 
  1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
Cables 
installation 
  1 1 1 1 1 1 1  1 1 1 1 1 1 1 1  
Land based 
activities 
  1 1   1 1 1 1     2 1 2 2  
Operation phase 
O & M 4  3   3 2 2 3 3 3 3 3 3 3 2 3 3 4 
Rotor 
effect 
5 5 5 5 5 5 5 2 3 3 3 3 3  2 2 3 3  
Decommissioning 
Vessels   1  1      1 1 1 1 1 1 1 1  
Structure 
removal 
1  1 1 1 1 1 1 1 1 1 1 1  1 1 1 1 1 
Disposal       1        2   1  
 
Table 3.10: Judgment matrix of the Environmental Im pact Assessment 
(EIA) according to the author’s point of view 
3.5.8. Principal Environmental Impacts 
The main sources of the observed environmental impacts may be classified into four 
categories [206]: 
1. Kinetic Energy removal 
2. Rotor and Support structure 
3. Noise levels 
4. Installation/Decommissioning disturbance 
These sources have direct/indirect impacts on the following components of the 
marine environment: 
1. Tidal current velocity 
2. Tidal current dynamics 
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3. Waves 
4. Sedimentation and seabed 
5. Turbidity and water quality 
6. Marine ecology 
3.5.8.1. Impact of the Kinetic Energy removal 
Harnessing energy from tidal flows passing within the domain of the turbine blades 
will affect the complex interaction dynamics between tidal flows and suspended 
matters in the region. Extracting energy will potentially modify the flow speed and, 
possibly, its direction. When the flow velocity is reduced, the deposition process of 
the suspended particles in the domain will be affected and the rate of deposition will 
be dependent on the particle sizes. Consequently, other environmental impacts will 
be associated with kinetic energy removal: deposition, turbidity and water column 
quality. The process of deposition will affect the b nthic habitat of the area and may, 
if prolonged, modify the local water depth. In order to control the effect of Kinetic 
Energy removal and to diminish its impacts on the marine environment, it is 
important to restrict the harnessed energy to certain limits. Some researchers [23, 37, 
217] have recommended this extraction does not exceed 10-20% of the flux. 
However, increasing understanding of the resource and the realisation that the kinetic 
flux is only part of the available energy has suggested to some that the available 
extraction can exceed the apparent kinetic flux. The ultimate extractable resource can 
be shown to be a function of the undisturbed kinetic flux and the geography of the 
site under investigation [43] and that, under some conditions, the available energy for 
artificial extraction can exceed the kinetic flux considerably. The clue for this logical 
exclamation lies in the fact that the tidal flow posses potential energy beside its 
kinetic one. Therefore the total energy flux is thesum of the two existing energies. In 
principle at least it should be possible to restrict he extraction of energy so that flow 
speed reductions are kept below predefined limits for environmental acceptability 
[225] and that this limit is a function of local hydrographic conditions as well as the 
undisturbed flow patterns. For the Strait of Messina, the situation will not be an 
exception. Care must be taken not to exceed the proposed limits of harnessing 
Kinetic Energy from the passing tidal flow, in orde to protect the marine 
environment from the problem of accelerated rate of deposition. 
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3.5.8.2. Rotor and Support structure 
The water column will be affected by the rotor movement, which results in the 
generation of vortices, turbulence in the water column, and an increase in the 
turbidity and possibly also in sedimentation. The biological habitat is also of high 
concern. Sea birds, even though they are not a part of the aquatic system may 
mistakenly judge shadowing when identifying fish shoals [200]. Fish species, and 
especially marine mammals, might face the danger of collision with active rotors. 
However, it is assumed that the fluid dynamics of the rotor may aid in protection 
from such collision risk [206]. For instance, the local pressure gradients set-up 
around a tidal device would be felt by fish and marine mammals, while the 
interpretation of such pressure gradients is an important part of their sensory and 
movement interaction. The Strait of Messina is know as a rich biological habitat; 
hence it would be of great interest to monitor any variation in the biological structure 
of the Strait during rotor operation in this early stage of development and deployment 
of full scale technology in the open sea environment. 
The support structure of a rotor fixes the turbine i  the correct position in terms of 
elevation from the seabed and orientation [226]. As with any structure submerged in 
the aquatic environment, this support structure will impact local flow dynamics in the 
surrounding domain. The impact from such a structure will appear in the reduction of 
current speed, the formation of vortices in front of he structure, the formation of lee-
wake behind the structure, the generation of turbulence, the refraction of waves and 
the possible redistribution of erosion and depositin locations. The latter may, in the 
very long term, lead to alteration of the dominant seabed habitat.   
On the other hand, the rotor support structure may serve as an artificial nursery and 
breeding ground. It has been documented [227] that offshore oil and gas structures 
can attract motile species such as fish. Also, the s udy performed to test the Vindeby 
offshore wind farm on the Danish coast revealed that test fishing conducted before 
and after installation of rotors and support structures found that fish yields increased 
and that fauna and flora generally improved [228].  This issue needs be tested in the 
Strait of Messina. 
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3.5.8.3. Noise levels 
All gears and hydraulic systems will generate some noise and badly designed ones 
can generate considerable amounts [229]. Noise, which may result from using tidal 
current turbines, has two sources; the first comes during the installation phase with 
the associated construction processes: vessels’ engines, propellers, drilling and 
piling. This will be a one-off source. The second source concerns noise emissions 
during the operation phase itself. This has to be tested and reduced to a minimal level 
as continuous noise may affect pelagic organisms. For instance, the noise levels of 
the SeaFlow tidal turbine have been assessed and bee  found to be insignificant [230, 
231]. A similar acoustic test must be carried out for the deployed turbine in the case 
of the Strait of Messina especially with the abundance of the marine mammals that 
exist in the Strait. Generally speaking, seabed effects will depend on the intensity of 
vibrations and the nature of the bed and sediment chara teristics, while mammals 
will be particularly affected by noise resulting from installation and operation. The 
Strait of Messina is famous for the different marine species inhabiting, migrating and 
spawning there. These include sperm and fin whales, dolphins, Tunas and Swordfish 
[166, 183, 232]. Whales and dolphins depend on sound for many vital functions and, 
therefore, are likely to be affected by the resulting noise. They differ in their 
sensitivity to noise levels and have different adaptations to overcome the extensive 
ambient noise. The degree to which noise may affect whale and dolphin 
communities, especially breeding, communication and survival has to be fully 
assessed and reviewed. This remains a significant resea ch question. For Tunas and 
Swordfish, the Strait of Messina is an important location for spawning and migration. 
The noise may not affect the species directly but may affect their spawning areas 
within the Strait and the period and routes of migration.  
A biological assessment of the chosen location would be preferred prior to any 
installation to get a real picture of marine biota. 
3.5.8.4. Installation/Decommissioning disturbances 
The installation/decommissioning of tidal turbines will affect the biomass, the 
seabed, the water column turbidity, the tidal velocity and the tidal dynamics. 
Both installation/decommissioning will result in a general redistribution of benthic 
communities due to disturbance of the seabed by any of these two operations. Even 
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though the risk of direct mortality of demersal species is high in many chosen places, 
the Strait of Messina is not rich in such species [166]. This may not therefore be of 
high concern, and can be mitigated by observation of the chosen location for such 
species in any pre-development environmental baseline study. For the pelagic 
habitat, the impact of installation/decommissioning disturbance may be evident in the 
disturbance of spawning and breeding grounds. 
Attention has to be given during the installation or the removal of tidal turbines to 
ensure that service vessels do not leak fuel or oil. Such a leakage may affect the 
chemical composition of the marine environment in the surrounding area and a 
serious problem of contamination might easily occur. Ultimately man himself, 
through feeding on species affected by this contamin tion may well be affected! 
3.5.9. Monitoring Programme 
In order to extract energy safely from the tidal current in the Strait of Messina, a 
monitoring programme must be set for each phase of the desired project: installation, 
O&M and decommissioning. 
3.5.9.1. During the Installation Phase 
A baseline survey has to be conducted to record all the biota in the chosen farm- 
location and along the intended cable route. If the c osen location is far to the 
northern or to the southern tip of the Strait, the sand waves and their propagation 
have to be studied prior to any development to avoid any effect they may have on the 
structure of the plant or on cable routing. 
Care should be taken not to dump any harmful materials while fixing the support 
structure of the turbine blades, either from the servic  vessel (oil/fuel leakage) or 
from the installation process itself (any construction materials). 
3.5.9.2. Operation and Maintenance (O&M) Phase 
A log-book to record any emergency or abnormal situations and the action taken to 
resolve it must always be held in the management office of the project. Knowing, 
understanding and following the codes and laws set to conserve the marine 
environment are essential. 
Even though with the large rapid dilution process due to the extreme tidal flow, it is 
recommended that a water column analysis should be performed periodically to 
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detect any harmful changes (oil leak, iron, copper…tc) in the composition of the 
water quality in the environment surrounding the tidal plant.  
3.5.9.3. Decommissioning Phase 
The same level of care taken while installing the plant has to be taken in the 
decommissioning phase too. Specifically this includes care regarding dumping of 
harmful materials and leaking of chemical substances from the decommissioned 
plant and decommissioning vessels. It also requires consideration of the impact on 
living communities (benthic and pelagic) present in the vicinity of the 
decommissioned structures. 
3.5.10. Conclusion of the Environmental Impact Asse ssment 
The belief that renewable energy has no environmental impact is not one hundred per 
cent correct. Even with all its socio-environmental benefits in terms of sustainability, 
local security of supply and a low carbon footprint, a renewable energy resource still 
has to undergo rigorous environmental assessment. In the present work, the 
conceptual model matrix showing the interaction betwe n the different project 
phases and the environmental parameters is shown. It is necessary during any applied 
(actual) project, to magnify the likelihood of occurrence of the expected impacts in 
order to make the right decision and to judge the case accurately. In the case of the 
Strait of Messina the major impacts which may result from exploiting its tidal 
currents, according to the authors’ judgment matrix, does not exceed 10% of the 
whole expected impacts. This percentage results from weighing the major impacts in 
this matrix to the total anticipated effects on themarine ecosystem in the Strait. The 
fulfilment of and respect to the environmental legislation and rules is also a must. 
The most positive point in the present study is that all expected impact can be 
minimised and limited by applying a meticulous monit ring programme during each 
phase of project, such as that described in the present study.   It is strongly 
recommended in such type of projects to follow an adaptive monitoring scheme in 
which controlling the environmental quality comes not only from the environmental 
manager in the project team but also from some higher authorities that are able to 
detect, control and act in any emergency case or seriou  situation. Moreover, these 
authorities must have the right to postpone the project in case the managerial 
administration does not follow the environmental legislation as it should be. This 
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way the ecosystem is strictly secured and safe to the highest degree. The final 
intention of deploying and operating a clean sustainable renewable-energy 
technology making a sustainable contribution to the future energy-mix is significant 
enough to merit such an intensive monitoring programme. In addition, we should not 
allow our care and deep environmental concern stagna e promising technologies and 
possibilities in order to get sustainable and clean nergy. 
 
3.6 Chapter Conclusion 
The Strait of Messina is a long (32 km), narrow (3-4.2 km) channel, which separates 
the main Italian peninsula from the Island of Sicily. The Strait connects the 
Tyrrhenian Sea (north) to the Ionian Sea (south). In this chapter a detailed 
bathymetric map is built for the Strait of Messina b sed on data extracted from 
Admiralty Chart [165]. Unlike elsewhere in the Mediterranean Sea basin, massive 
tidal currents exist along the Strait of Messina. These mainly result from the out-of-
phase tidal characteristic between the Tyrrhenian and Ionian Seas, associated with a 
tidal range of 0.27 m between these two extremities. Tidal current velocities at spring 
peaks in the Strait of Messina vary between 1.8 to more than 3 m/s. In this chapter, 
the massive renewable tidal current resource in the Strait of Messina is 
environmentally assessed by using the interactive matrix approach. The expected 
major impacts in the case of harnessing energy from tidal currents in the Strait of 
Messina do not exceed 10% of the total expected impacts. In addition, a monitoring 
programme is proposed at the end of the EIA study in order to highlight the main 
points to be considered during each phase of energy extraction process. An adaptive 
monitoring system is strongly recommended for the marine renewable projects. 
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CHAPTER 4 
OCEAN MODELLING  
 
An Overview 
Chapter four consists of five sections, the first of which is a general introduction to 
numerical modelling and explains how this can be a useful tool for the investigation 
of different topics in oceanography and engineering. Section two briefly highlights 
the basic hydrodynamical equations used in numerical modelling. Some numerical 
trials simulating the circulation pattern in the Medit rranean Sea are discussed in 
section three. Sections four and five deal with tidal models. The first is a discussion 
of some worldwide tidal models, while the second briefly covers the few numerical 
trials which simulate tides in the Mediterranean Sea. 
4.1 Introduction 
Theory, observation and numerical modelling are thre distinct approaches used to 
study and describe the dynamics of the oceans. Practically, none of them is sufficient 
on its own. Because ocean processes are actually non-linear, theory has to be 
simplified to a large extent in order to describe th dynamics of these complicated 
phenomena. Meanwhile, observations are somehow limited in time and space. They 
cannot be carried out smoothly whenever or wherever required. Consequently, they 
provide only a rough description of the average time flow and many processes may 
be poorly observed. Numerical models can overcome the shortcomings of these two 
approaches as they include much more realistic theoretical ideas and may help to 
interpolate oceanic observations in time and space. Numerical models may also be 
effectively used to forecast and predict the future status of the oceans. By combining 
theory and observation in numerical models, difficult es associated with the 
individual approaches may be overcome and to a large extent, avoided. This 
combination also leads to new ways and methodologies to study and perform 
oceanography and marine engineering.  
The basic advantages which accrue from using numerical models can be summarised 
in the following points [233]: 
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1. Numerical models include the influence of non-linear dynamical terms, 
which are avoided as much as possible in theories.  
2. Numerical models interpolate between sparse observations of the ocean 
produced by expeditions and satellites. Hence, their final result may give a 
more realistic picture of the studied phenomenon. 
3. The real coastal features and seabed configuration may be easily represented 
in numerical models. This gives more realistic flow schemes. 
4. Numerical models can be used to predict the possible future status of the 
oceans and suggest different scenarios to deal with any particular case. 
However, numerical models should not be considered as ideal solutions to 
everything. Some problems may arise while using such models [233, 234] due to: 
1. Turbulence terms and their complex calculations. 
2. The complexity of the real field of work, oceans, which cannot be easily 
simulated using the simplicity and assumptions of the models. 
3. Errors that may arise in codes and programmes. 
A numerical model is constructed in four basic step: 
1. Definition of the full set of equations that govern the system. 
2. Definition of the boundary conditions used to simplify the set of governing 
equations. 
3. Constructing a scheme e.g. an explicit finite difference scheme, to convert the 
mathematical equations to numerical ones. 
4. Writing a computer programme to calculate the unknown variables and to 
visualise the results. 
A hydrodynamical model must examine the variations in the oceanic processes with 
respect to the different forces acting on the water body, e.g. Coriolis force, pressure 
gradient…etc, and at the same time to apply some boundary and initial conditions 
according to the case being studied in order to simplify the process of examination. It 
is an established fact that hydrodynamical models have considerably evolved since 
the early days. The present generation of time-dependent, three-dimensional 
primitive equation models have reached a stage of full development which satisfies 
their routine application to the study of marine environmental dynamics [235]. 
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4.2 The basic hydrodynamical equations 
The basic hydrodynamical equations are a set of mathematical equations, which are 
solved simultaneously to give numerical solutions to any fluid flow problem. These 
governing equations are based on the conservation laws of mass and of momentum 
[236]. These two principles allow one to develop the governing equations of fluid 
motion known as the continuity and momentum equations, respectively [237]. The 
hydrodynamical equations are fairly used, and models iffer from each other only in 
the expressions and values of parameters appearing in the closure scheme of the 
model used [235]. In the case of the ocean, there will usually be four variables in the 
system of equations: the water elevation η and the water velocity components u, v 
and w in the X, Y and Z Cartesian directions, respectiv ly. 
There are many hydrodynamics and oceanographic text books, which give a detailed 
explanation and methodology of the derivation of these governing equations, e.g. 
[236, 238, 239]. 
In the present work, just a brief description of this derivation is given below: 
Consider a cubic parcel of fluid of dimensions ∆x, ∆y and ∆z in Cartesian coordinate 
planes X, Y and Z as shown in Figure 4.1. If this fluid parcel has a density of ρ and 
velocity components of u, v and w in the X, Y and Z directions, respectively, then 
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Figure 4.1: A cubic parcel of fluid in XYZ Cartesia n plane 
 
For incompressible fluids, such as ocean waters, the density ρ is considered to be 














   (4.4) 
The principle of the conservation of momentum may be stated as: 
The rate of change of momentum with respect to time equals the sum of the acting 
forces on the fluid. This, in fact, is Newton’s second law of motion. 
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where, F is the forces acting on the fluid 
 If M denotes the fluid mass and V denotes the fluid total velocity, then equation 







M      (4.6) 

















i.e. the rate of change of fluid acceleration equals the sum of the forces acting on the 
fluid. 
Claude-Louis Navier and George Stokes were the first to give the description of the 
motion of a fluid and derived the full mathematical form of the fluid momentum 
equations. Hence, the following expressions are known as Navier-Stokes equations: 









dVρ      (4.8) 
The acceleration term in equation (4.8) in an Eulerian system is in fact the sum of 










and the advective acceleration 












.ρ     (4.9) 
The right-hand side in equation (4.9) is the sum of the acting forces on the fluid. 
These comprise the pressure gradient force( )P∇ , the viscosity gradient force 
( )T∇ and any other force (Q) e.g. the Coriolis force dueto the earth rotation. 











.ρ    (4.10) 
Hence, the derivatives for each component in Navier-Stokes equation system may be 




























































































































































µρ  (4.13) 
Equations (4.11, 4.12 and 4.13) are the general form f the hydrodynamical 
governing equations. This form changes by assumptions, boundary conditions and 
controlling forces from one case to another. To simulate any hydrodynamical process 
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in the oceans mathematically, the described equation set has to be solved numerically 
using any numerical scheme such as explicit finite difference, implicit finite 
difference or elementary analysis. 
As the Mediterranean Sea basin is the vast area of interest in the present study, it is 
worth focusing on some numerical attempts to simulate its circulation pattern. This is 
presented in the following section. 
 
4.3 Some numerical attempts to simulate the circula tion 
pattern in the Mediterranean Sea 
Several numerical attempts have been made to reproduce, simulate and understand 
the Mediterranean Sea circulation pattern and its variable dynamical processes. 
Authors of this research used different general circulation and hydrodynamical 
models with different grid resolutions considering the different acting forces. The 
results of these studies explain the circulation regim  of the three distinct water 
masses within the Mediterranean Sea basin and have add d to the understanding of 
their characteristics. In addition, the results emphasise the importance of the different 
gyres found in the two basins of the Mediterranean Sea. Moreover, the results of the 
simulation processes confirm that the inter-annual v riability of the external 
atmospheric forces, more specifically anomalies in the winter wind stress and heat 
fluxes, could account for some of the large changes in the circulation regime 
observed from year to year in the Mediterranean Sea. According to the author’s 
knowledge, attempts to simulate the Western Mediterran an basin numerically 
considerably outnumber similar attempts for the Eastern Mediterranean basin. 
Some of the numerical simulation studies carried out on the circulation regime within 
the Mediterranean basin can be easily accessed throug  the following bibliography: 
The Geo-Hydrodynamical and Environmental Research (GHER) 3D model, 
developed at the University of Liege (Belgium) and its application in the western 
Mediterranean Sea has been briefly described and applied [231, 235, 240, 241, 242]. 
In an attempt to discover the main driving forces for the circulation in the Eastern 
Mediterranean basin, an extensive and thorough series of numerical experiments 
using a multilevel model of circulation have been carried out [100]. Using the Bryan-
Cox model, the effect of using different initial and boundary conditions in several 
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numerical simulations was examined [243]. The steady seasonal circulation of the 
Eastern Mediterranean Sea has been determined [244]. The relationship between 
bottom topography and circulation pattern in the Western Mediterranean, which is 
known as the Neptune effect (eddy-topography interac ion), has been studied [87]. 
The Geophysical Fluid Dynamics Laboratory (GFDL) model has been examined and 
applied [88, 245, 246]. Also, the Princeton Ocean Model (POM) [247], developed for 
coastal and open sea applications, was applied to simulate the Mediterranean flow 
structure and physical properties [52, 107, 112, 248, 9]. The GFDL model updated 
to the Modular Ocean Model (MOM) version has been used in order to reproduce the 
principle water masses and water pathways in the Mediterranean Sea [84, 116, 250].  
A review of the recent changes in the deep water formation in the eastern 
Mediterranean Sea has been made [251, 252]. The genral Mediterranean Sea 
circulation pattern by a review and summary of the results of the previous studies 
(observations and simulations) has been described [253]. The points of agreement 
and disagreement between these studies have been discussed. The seasonal and 
interannual variabilities in the circulation within the Mediterranean basin and the 
main driving forces affecting each of them have also been discussed. 
The DieCast model has been used [86] in the Mediterran an Sea in order to: 
1. Test the model to judge its ability to reproduce th general circulation 
features and seasonal cycles as produced by other models. 
2. Determine if interannual variability induced by realistic behaviour of fronts 
and eddies may be obtained in model simulations. 
A new Mediterranean circulation model has been described [254] in which, for the 
first time, an implicit free surface is considered. This enabled the simulation of sea 
height variations. The model solves the basic hydrodynamic primitive equations 
using the spherical coordinates (λ, φ, z), where λ denotes the longitude, φ denotes the 
latitude and z denotes the depth.  
There is a great need for precise and accurate tidal models for many applications: 
oceanography, geophysics, engineering, investments a d even space technology. 
Accordingly, it is convenient to focus on some numerical models developed to 
simulate the tidal behaviour on both Global and Mediterranean Sea scales. These are 
presented in sections 4.4 and 4.5, respectively. 
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4.4 Some  worldwide numerical tidal models 
The development of the well-known numerical models to simulate the ocean tides 
began in the 1980s. The first, being [255-257] whose importance stems from the fact 
that it was used as the standard global tidal model for so many years. The model is 
based on the basic hydrodynamical governing equations, with a 1° x 1° grid 
resolution and uses an interpolation scheme to fit the tide gauges. Only the M2 
constituent is given in this model due, apparently, to the weak velocities of the other 
components. The CEFMO code (Code d’Elements Finis pour les Marées 
Océaniques) has been developed and tested [258] on a limited area: the Northeast 
Atlantic. The results of this model for the M2 and S2 tidal components are in a good 
agreement with the theoretical and observed data sets of their area of investigation. 
Later on, with the development of satellite altimetry, idal models developed rapidly. 
A global program was in early 1990s to combine the available in situ data sets from 
different tide gauges and data from satellite altime ry missions (Geosat, ERS1, 
TOPEX/POSEIDON) for use in hydrodynamical numerical models. An Atlas of the 
main tidal components has been produced [259] using a finite element 
hydrodynamical model, Finite Element Solution (FES94.1), based on nonlinear 
shallow water equations. The in situ data sets from the International Hydrographic 
Bureau (IHB) and the altimetry of ERS1 and TOPEX/POSEIDON were used. The 
behaviour of the four larger tidal components (M2, S2, K1 and O1) was presented. The 
results over the deep oceans fitted the observations within a few centimetres but were 
less accurate over the shelves. This is due to the incr ase in amplitude of the tidal 
waves [259].  Using a 12 months altimetry TOPEX/POSEIDON data set, a harmonic 
analysis on the captured data has been performed [260]. The aim was to qualify the 
data of TOPEX/POSEIDON and to explain the differences between the tidal models 
[255-257, 261]. 
CSR3 and CSR4 are long wavelength adjustments of FES94.1 using 
TOPEX/POSEIDON data and are given on a ½° x ½° grid. Unfortunately, these two 
models have spurious grid cells over lands that have been removed using the grid of 
GOT00.2 model as a mask. The latter, which uses ERS1/2 data for assimilation, has 
been used to add extra tidal values in the Weddell and Ross Sea in the Antarctic. For 
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the other tidal values below and above 66° S and 66° N latitudes (the limits of the 
TOPEX/POSEIDON satellite), these models become equal to FES94.1 [262]. 
A two-year altimetry data set from TOPEX/POSEIDON has been used [263] to 
numerically investigate the global tide. The model has a 0.5° x 0.5° grid resolution 
and delivers a numerical solution for eight major tidal constituents: M2, S2, N2, K2, 
K1, O1, P1 and Q1. The obtained results were verified using two field data sets: tide 
gauge data and Super-Conducting Gravimeter (SCG) data. The results actually give a 
more accurate output than do the models [255-257, 261]. This refers to the higher 
resolution applied as well as the accuracy and availability of large reference data 
sets. 
It is pointed out [264] that FES95.2 is a numerical upgrade of the numerical tidal 
model FES94.1. In this upgrade, tides in the Arctic were improved and 
TOPEX/POSEIDON data has been used to adjust the long wavelength behaviour of 
FES94.1. The resolution of the model is ½º x ½º. The outcomes simulated six major 
tidal components: M2, S2, N2, K1, O1 and Q1. The performance of the model was 
evaluated by comparing tidal predictions with observations at 59 sites distributed 
over the world oceans and by looking at the level of variance of sea surface as 
observed by TOPEX/POSEIDON altimeter. In general, the results of the model are 
in very good agreement with both data-sets. 
FES98 is also a purely hydrodynamic model to simulate the global ocean tides [265]. 
The model has a ¼º x ¼º grid resolution and incorporates a set of about 700 selected 
tide gauges. FES98 differs than other FES tidal models in two ways: 
1. It is verified using only data sets of the selected tide gauges with no altimetry 
techniques. 
2. It is characterised by its global ocean grid, as opposed to other models that 
compute tides in a few ocean basins separately and then amalgamate the output.  
The FES98 model simulates eight tidal constituents: M2, S2, N2, K2, 2 N2, K1, O1 and 
Q1. 
The results of a global tidal model (NAO.99b) to deriv  a regional one around Japan 
(NAO.99Jb) has been discussed [266]. The global model runs to simulate 16 major 
tidal constituents developed by assimilating about five years of TOPEX/POSEIDON 
altimeter data. The regional model, on the other hand, ssimilates both altimeter and 
 101 
regional tide gauge data sets. The dissipated energy for the major tidal constituents in 
the Japanese region, location and amount, has also been highlighted. For the M2 
constituent, the energy is intensive in the Yellow Sea and the Sea of Okhtosk regions 
at a mean rate of 155 gigawatts (GW) and 55 GW, respectively. For the K1 
constituent, the energy is mainly dissipated in the Sea of Okhtosk, with an average 
rate of 89 GW. 
A ¼º x ¼º grid model has been developed [267] using inverse theory and assimilated 
both tide gauge and TOPEX/POSEIDON data. This model finds the optimum 
balance between observations and hydrodynamics.  
FES99 [268] is a size model which upgrades the FES98 model. FES99 depends not 
only on tide gauge data sets for verification, but also uses TOPEX/POSEIDON data 
assimilation. 
 
4.5 Mediterranean Sea tidal models 
The hydrodynamical characteristics and circulation pattern of the Mediterranean Sea 
have been intensively studied using different numerical models. However, as 
mentioned previously, tides in the Mediterranean Sea are nearly absent from such 
numerical modelling processes except in some limited case studies. This is mainly 
due to the fact that tides in the Mediterranean Sea do not exceed a few centimetres in 
the spring phase. Hence, the Mediterranean Sea may be considered as one of the 
oceanic areas which are missed in the global ocean tide models (Fig. 4.2). In 
addition, there is a conflict between the researchers in determining the main tidal 
force within the Mediterranean basin, whether it is the equilibrium tide resulting 
from the gravitational force between the celestial bodies: Earth, Moon and Sun or the 
tidal wave which enters the basin through the Strait of Gibraltar.  
The trials of simulating the tidal phenomenon in the Mediterranean Sea, successfully 
found for the present work, comprise the following: 
The M2-tidal component has been simulated in the Mediterranean Sea [122] using a 
⅓° resolution model. The effect of the closure of the Strait of Gibraltar on the 
Mediterranean tides was examined and small differences in tides prior to and after 
the closure process were found. Hence, it is concluded that tides in the Eastern 
Mediterranean basin are mainly astronomic in origin. 
 102 
Data sets from both tide gauges and altimeteric observations over the Mediterranean 
basin have been used [269], excluding the Aegean Se, to run a numerical model. 
The model has a resolution of ½ ° degree. 
A two-dimensional numerical model of Hansen type, i. . solved by boundary-values 
method, has been used [270] to investigate the M2 tides in the Mediterranean Sea. 
The driving forces for the model were both equilibrum and external tides. The 
effects of topography and coastal configuration on the tidal motion were also 
considered. The obtained results were generally in good agreement with 
observations. However, in some locations there was deviation in phase and 
amplitudes between simulation and observations. This may be due to the coarse 
resolution of the model (1° x 1°). 
 
 
Figure 4.2: Water masses that are missed in the glo bal ocean tide 
models (http://geodac.fc.up.pt/loading/tidemodels.h tml ) 
 
A numerical model was developed [271] to investigate the M2-tidal component in the 
Mediterranean basin. The whole basin was assumed to be a closed basin, i.e. only the 
equilibrium gravitational tide has been investigated. Two cases were proposed: 
1. Two connected rectangular sub-basins with a constant depth of 500 m, using 
a resolution of 1° x 1°. 
2. Almost realistic coastal and bottom configuration using resolutions of 1° x 1° 
and ¼° x ¼ °. 
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It is concluded that boundaries have a minor influence on the M2-tidal component in 
the Mediterranean basin, while the dimensions of the basins have a significant impact 
on the tidal pattern. 
The M2 tides were reinvestigated in the Mediterranean basin [272] using a ¼° x ¼° 
resolution and real open boundaries. The effect of the Gibraltar tidal oscillation is 
found to be more effective in the Western Mediterranean basin than in the Eastern 
one. The water exchange process between the different basins in the co-oscillating 
condition is successfully simulated. 
The developed model [272] was used [273] to investigate the influence of friction on 
the tidal motion in the Mediterranean Sea. The Sea was assumed to be of rectangular 
shape and was investigated in two cases: 
1. The whole basin is divided into two closed rectangular sub-basins, which are 
separated by a barrier at the Strait of Sicily. 
2. The whole basin is divided into two rectangular sub-basins connected to each 
other through an opening of 2° width. 
The results reveal that friction affects both amplitudes and phase distributions all 
over the Mediterranean basin. It is also concluded that, with large depths, the effect 
of the Coriolis parameter may be ignored. 
A two-dimensional hydrodynamical model forced by both the equilibrium tide and 
the incoming tidal wave from the Strait of Gibraltar has been presented [124]. The 
model grid is 1/12° x 1/12°, ignores the atmospheric forces affecting the 
Mediterranean basin and is solved by an explicit fin e difference method. The model 
outputs confirm the existence of an amphidromic point in the Strait of Sicily and 
appreciate the concept of the apparent effect of both independent (astronomic only) 
and co-oscillating (Atlantic tidal waves) tides in the western Mediterranean basin. 
 
4.6 Chapter Conclusion 
Numerical models are frequently applied in many fields as tools that aid decision 
making prior to the intention of any actual work. A hydrodynamical model is used to 
propose different scenarios and examine variations in the complex oceanic processes 
with respect to different forces acting on the water body. The governing equations in 
a hydrodynamical model are known as the Navier-Stokes system of equations in 
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which assumptions, boundary conditions and controlling forces alter from one case 
to another. This system of equations results from the application of the principles of 
conservation of mass and of momentum. Numerical simulation processes have been 
extensively applied to simulate and study ocean circulation patterns in the global 
oceans including the circulation pattern in the Mediterranean Sea. Examples of these 
studies are discussed in the present chapter. Unlike the hydrography and circulation 
patterns, tides in the Mediterranean Sea basin are rarely simulated numerically. This 
is mainly due to the fact that tides in the Mediterranean basin do not exceed a few 
centimetres in spring phase nor the associated tidal currents. 
 105 
CHAPTER 5 




The numerical simulation of the tidal flow regime in the Strait of Messina is 
discussed in the present chapter. The chapter consists of three sections. Section one is 
a brief introduction to the Shallow Water Equations (SWE), followed by a brief 
description of the Tidal Flow Development (TFD) numerical model used to simulate 
the Strait of Messina. Section two discusses some previous trials to simulate the 
Strait of Messina. The simulation of tidal currents within the Strait of Messina in the 
present study is discussed in section three. The Strait is simulated in different cases 
and modifications to the TFD model are discussed for each case.  
5.1 Introduction to Shallow Water Equations (SWE)  
Shallow Water Equations (SWE) describe a thin layer of inviscid fluid with a free 
surface [274]. They are a set of depth-averaged integra ed partial differential 
equations mainly derived from the basic equations of conservation of mass and 
momentum (Navier-Stokes equations). SWE are based on the premise that the 
horizontal scale is much larger than the vertical scale and that the flow is nearly 
horizontal [237]. SWE can be used in the following cases [236, 237, 274]: 
1. When the fluid density is homogeneous. 





, where P is the 
pressure, Z is the fluid depth, ρ is the fluid density and g is the acceleration 
due to the Earth’s gravity. 
3. When the depth is small enough compared to the horizontal distance. The use 
of shallow water equations has been restricted to cases where the depth is less 
than 20 times the wave length [275]. 
4. In coastal and estuarine areas. 
5. To reduce the complicated three-dimensional problems to two-dimensional 
ones.  
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Consequently, the places in which the use of these equations is convenient may be 
specified as: weakly stratified or non-stratified flows in estuaries, bays, coastal areas 
and harbours, and in places where the wind shear stress is relatively small. 
Generally speaking, the equation of conservation of mass (continuity equation) in the 
shallow water case takes the form: 






  (5.1) 
where, 
η is the free surface elevation (m) and H is the total fluid depth (m), which is the sum 
of the free surface elevation and the mean water depth (h) in the location of 












   (5.2) 
V is the total flow velocity (m/s), which is essentially horizontal in the case of 
shallow water equations. 



















∂=    (5.5) 
f is the Coriolis force parameter; u and v are the horizontal components of the flow 
velocity (m/s) in X and Y planes, respectively; g is the acceleration due to the Earth’s 
gravity (m/s2) and Fx and Fy are the acting forces on the fluid in X and Y directions, 
respectively.  
For a detailed derivation of the above equations the reader may refer to many text 
books, e.g. [238, 276-278]. 
The final equations of the shallow water equations set, which will be used in the 
Tidal Flow Development (TFD) model in the present study take the following form:  



















































































































































n is the Manning (roughness) coefficient (s/m3); ρa is the air density (kg/m
3); ρw is the 
water density (kg/m3); Cw is the wind drag coefficient; Wx and Wy are the wind 
velocity components (m/s) in X and Y directions, resp ctively and k is the eddy 
viscosity coefficient (kg/ms)  
Equation (5.6) is the shallow water continuity equation and equations (5.7) and (5.8) 
are the shallow water momentum equations in the X and Y directions, respectively.  
This set of equations is a two dimensional set in which three unknowns, averaged-
depth velocity in X and Y directions (u, v) and surface elevation (η) can be 
calculated using three equations. The equations (5.6 - .8) present an Initial Value 
Problem. These equations may be solved using various numerical techniques. The 
three most widely accepted and applied techniques [240] are: 
1. The method of characteristics. 
2. The finite element method, and 
3. The finite difference method. 
Of these methods, the solution of problems involving fluid dynamics has been 
dominated by the use of the finite difference method [279]. Either the explicit 
approach or the implicit approach may be applied to get numerical solutions using 
the finite difference method. The major difference between the two approaches is the 
stability condition, which should and must be fulfilled when applying the explicit 
approach. The stability condition is known as Courant-Friedrich-Levey (CFL) 
condition, which is the ratio of the celerity of pro agation in the analytical to that in 













∆= ..,1   (5.9) 
where, 
gh is the field tidal long wave propagation velocity (m/s); ∆x is the distance 
interval in the numerical domain (m); and ∆t is the time step of simulation in the 
numerical domain (s) 
If CFL is less than the unity, then the stability criterion is fulfilled and the stable 
solution may be explicitly calculated.  
There are three finite difference methods used to solve the equations explicitly: 
1. The forward-difference method, 
2. The backward-difference method, and 
3. The central-difference method. 
Though the last may appear to be the best from amongst the three, it cannot be 
applied in the field of Computational Fluid Dynamics (CFD) as it is unsuitable for 
the simulation of the important convection term [237]. To deal with the convection 
term it is essential to have a method, which satisfies the stability condition and, 
simultaneously, be simple to use. Fortunately, finite difference methods based upon 
the 3rd order upwinding have been found to offer good accura y, inherent numerical 
stability and relative computational simplicity [237]. 
 
5.2 The Strait of Messina: Some previous simulation att empts  
The complexity of the morphometry of the Strait of Messina, combined with the 
strong non-linearity of its tidal phenomena, complicate the simulation process of the 
Strait [280]. However, attempts to simulate the tidal features in the Strait of Messina 
numerically have been proposed and applied in reseach studies since the early 
1900s. The first investigation of the tidal phenomena in the Strait of Messina [193] 
was made in order to explain its tidal dynamics. The behaviour of the M2-
semidiurnal tidal constituent was simulated using a numerical solution for one-
dimensional linear tidal dynamics equations.  
A barotropic model was used [281] to study tides in the Strait of Messina. The step-
integration method of one-dimensional, non-viscous, linearised barotropic equations 
of motion was applied.  The results allocated an amphidromic point within the Strait 
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just over the sill, where the tidal heights decrease from 10 cm in the Ionian Sea to 
zero cm. These heights then rise again towards the Tyrrhenian Sea to reach 16 cm as 
shown in Figure 5.1. This explains the intensive current (>2 m/s) observed and 
calculated [139].  
 
 
Figure 5.1: The distribution of the main tidal feat ures in the Strait of 
Messina over a semidiurnal tidal cycle [293] as sho wn in [192] 
 
The central finite-difference method has been applied [187] in order to solve the 
equations for a two-dimensional numerical model. The time evolution of the 
interface between the Tyrrhenian and the Ionian water masses in the sill region of the 
Strait of Messina has been investigated as a practical case study. The results of this 
research reveal large vertical oscillations between th  surface and the bottom in the 
Strait, and they are in reasonable agreement with the field data [139]. The model is 
verified to be capable of reproducing the general fe tures of the circulation pattern of 
the Strait of Messina [187]. 
Using the least square minimization technique a two-layered model was developed 
[192], in which the Coriolis force and the lateral dimension are neglected. To run the 
model, the data set of the field first station [139] was used, where the currentmeter 
was moored for 15 consecutive days. Both wind and seabed shear stresses were also 
neglected in this simulation study by omitting the very near surface and deep records. 
The results [192] give a reasonable picture of the tidal behaviour in the Strait of 
Messina. The outputs are in agreement with those previously computed [139, 140] 
and are also in a reasonable agreement with the results of the model study [187]. 
The boundary value problem of shallow water equations has been transferred [282] 
from a Cartesian coordinate system to a curvilinear coordinate system and been 
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solved using a half time-step difference scheme. Th Strait of Messina was taken as a 
case study with a curvilinear grid resolution of 16 x 27. The behaviour of the M2-
tidal component in the Strait has been successfully deduced as well as its energy 
balance.  
A rectangular domain has been created [280] for the Strait of Messina with two 
opposite open boundaries, in a 2D curvilinear coordinate system. The barotropic 
approximation was considered and the following targets were successfully achieved: 
1. The computation of the averaged tidal amplitudes and phases due to tidal 
motion within the Strait of Messina (Table 5.1). A comparison of the 
simulated figures with the observations showed a very good agreement. 
 
Table 5.1: Observed and computed amplitudes and pha ses of the 
main tidal components in the Strait of Messina [280 ] 
 
2. The construction of M2 tidal wave chart within the Strait of Messina, where 
the amphidromic point is precisely determined (Fig. 5.2) and the behaviour of 
this main tidal constituent is simulated and found to be in good agreement 
with the classical observations (Table 5.2). 
3. The calculation of the energy dissipation in the Strait of Messina over a tidal 
cycle, which is found to be averaged with a value of 0.77 x 107 W. They 
referred this small value to the fact that strong tidal currents are only found in 
the sill area while, in the rest of the Strait, the tidal current velocities are 
much weaker. 
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4. The calculation of the nonlinear tidal components within the Strait of 
Messina: M4, M6 and M8.  
5. The fields of vortices (gyres) generated by the main tidal constituents in the 
Strait of Messina were precisely determined. 
 
  
Figure 5.2: Tidal map of the M 2-tidal wave in the Strait of Messina 
___ iso-phases (degrees) and ----- iso-amplitudes ( cm) [280]  
 
 
Table 5.2: Observed and computed M 2-wave amplitudes and phases [280] 
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5.3 The Tidal Flow Development (TFD) numerical mode l 
5.3.1. Aim of using the TFD numerical model  
The target of the previous models applied in the Strait of Messina was mainly to 
understand the dynamics of tides in the Strait. Theen rgy extraction process 
using these strong currents and the identification of the locations of excess 
energy within the Strait are not present in any of these research except in that of 
Androssov et al. [280]. Even in the later, just an estimation of the energy 
dissipation over a tidal cycle was given without identifying the place of excess 
energy in the Strait. In the present work the process simulation to configure the 
tidal flow within the Strait of Messina will be given in order to determine the 
locations of excess energy in this strong flow where tidal turbines can be 
deployed for the energy extraction process. This is carried out using the Tidal 
Flow Development (TFD) numerical model. This model iffers than that of 
Androssov et al. [280] in two points: the applied coordinate system which is 
Cartesian and not curvilinear system and in that its code has a specific routine 
able to calculate and simulate the energy extraction pr cess from a tidal current 
resource. Hence, examining changes in the hydrodynamical environment before 
and after the energy extraction process can be simulated.  
Applying the TFD model to the tidal environment of the Strait of Messina shows 
some shortfalls in the suitability of using the model to a complex domain like that 
of Messina. That is why in the following discussion the Strait of Messina will be 
simulated in different cases in which the TFD numerical model is modified to 
suit each case in order to mimic as closely as possible the Strait in all its 
complexity. 
5.3.2. The structure of the TFD numerical model  
The Tidal Flow Development (TFD) model is a numerical model which is based on 
equations (5.6 - 5.8). The equations are solved numerically using an explicit finite 
difference approach. The model was developed [237] to specifically simulate 
estuaries and coastal areas where the tide is the dominant driving force.  The model 
shares a common heritage with other SWE solvers that are typically used in the 
academic and industrial communities as the standard workhorse in estuarine and 
coastal modelling applications, e.g. MIKE21, DIVAST [33]. The main code of the 
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TFD model is written in FORTRAN77. The appropriate outputs are based on the 
initial, input and boundary conditions specified when using the model. The 
bathymetry and the grid domain are additional important factors that affect the 
resultant outputs and have to be initially determined for each case study. Several files 
must be prepared before running the TFD model. Firstly, a parameter data file, in 
which the following parameter information must be defined: the bathymetry file from 
which to read, the output file names and their paths, e Manning parameter value 
and the latitudes and longitudes. Appendix (1) is an example of the parameter file 
used in the present study.  
Secondly, the following initial files are built: 
1. The grid selection 
i.e. the cell size of the basic grid that represent the morphological, bathymetric and 
topographic configurations in the model. This selection is related to the CFL 
condition (5.9). It is found by experiments and trials that it is strongly recommended 
to restrict the value of the CFL condition not to exc ed half, i.e. CFL<0.5. This is to 
avoid problems arising from the stability requirement and to guarantee a stable 
solution. The TFD model automatically checks whether the CFL condition is 
satisfied before calculating any parameter. If the condition is satisfied, the simulation 
process proceeds normally, otherwise the model stops until the required condition is 
satisfied.  
2. Determination of the model boundaries 
The boundaries in the TFD numerical model may be defined either as open or closed. 
For an open boundary, the flow parameters are allowed to move in/out of the 
domain, while a closed boundary denotes a dry/interfer nce cell. 
3. Determination of the driving boundaries 
The TFD model uses only one conditional boundary driving force. This may either 
be the fluid elevation or the fluid velocity. The latter is thought to difficult to apply 
due to difficulty in describing the interaction betw en velocity filed as a driving force 
and the domain. The former, however, is preferred since the solution obtained close 
to the boundary in this case will be able to interact with the local bathymetry and 
topography. 
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4. The radiating boundaries 
This is the data file of the physical/numerical conditions in the neighbourhood of the 
domain boundaries. It is important to explore these surrounding conditions and to 
examine their effects inside and outside the main domain of interest. The 
recommended mathematical expression (Sommerfeld conditi ) of the radiating 










  (5.10) 
where, φ is the propagating variable; and Cv is the phase velocity 
In the TFD numerical model, the propagating variable is the flow discharge per unit 
width (qu) and the phase velocity is that of the shallow long tidal wave ( gh ). 












  (5.11) 
The outputs of the TFD model are mainly hydrodynamical data values for the 
velocity and the sea-free surface elevation. These outputs may be graphically 
displayed using the WOLF model, developed in Strathclyde University, or the 
SURFER surface mapping program. The data output from WOLF can also be 
adapted to create .avi streaming animations for presentation purposes [237]. The 
hydrodynamic results from the TFD model may be further used in other applications 
such as examination of pollutant dispersion. 
Upon the development of the TFD model, and as a new numerical tool, the three step 
approach for model testing [286] was attempted. This includes [237]: 
1. Verification, which is a procedure to ensure that the program solves the 
modelled equations correctly. 
2. Validation, which is a procedure to validate numerical models to complex 
flows, i.e. testing of the models predictive capabilities against detailed test 
data. 
3. Calibration, which is a procedure to calibrate code from a particular model in 
its ability to predict global quantities for realistic geometries of design 
interest. 
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The simulation procedures through which the TFD model runs and proceeds to 
simulate tidal flows is presented in appendix (2).  
It is not possible to verify the complete set of governing equations in one test model. 
Hence, the verification process for the TFD numerical model was done for each 
individual term separately in simple model tests. The TFD model was verified 
through 8 test-cases. The verification exercises have validated the running of the 
program code. The validation of the model was then carried out by applying four 
validation tests: the steady flow eddy circulation (physical model), the wind-induced 
circulation model in a circular basin, the 2-D partial dam-break steady case model 
and the estimation of the numerical diffusion inherent to the TFD model case. Finally 
the calibration exercise of the TFD model was carried out using Flamborough Head, 
northeast of England.  
Subsequently, the model has been extensively applied and proved to be an effective 
simulation-tool for the examination of the tidal phenomena in different cases, e.g. 
[11, 33, 43, 225, 287, 288] 
 
5.4 Simulation of the tidal-flow regime in the Stra it of Messina 
First of all, two points, Capo Peloro (38° 16.00’ N; 15° 39.00’ E) and Reggio 
Calabria (38° 06.00’ N; 15° 38.72’ E) to the north and to the south of the Strait of 
Messina, respectively, are chosen to represent the extremities of the domain of 
simulation. The two points are used to examine the tidal out-of-phase characteristic 
along the Strait. The tidal harmonic constituents are computed using a parameter data 
file (Appendix 3) for each point using Admiralty Tide Tables [289]. The tidal out-of-
phase behaviour of 180º between the two chosen extremities is confirmed and the 
maximum difference between the M2-tidal amplitudes, of 0.27 m, is verified. Figures 
5.3 and 5.4 represent the M2-tidal elevations at each extremity, while Figure 5.5 


























































Caop Peloro Reggio Calabria
 
Figure 5.5: The 180º out-of-phase tidal behaviour b etween the two 
chosen extremities of the Strait of Messina associa ted with 0.27 m 
M2 amplitude difference 
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5.4.1. The Strait of Messina as a simple tidal chan nel 
In this case of numerical simulation, the Strait of Messina is represented in the form 
of a simple tidal channel extending horizontally in a west-east direction (Fig. 5.6). 
The Tyrrhenian Sea basin represents the outer western boundary of the specified 
domain while the Ionian Sea basin represents its ouer eastern boundary. The fluid 
domain (i x j = 186 x 40 cells) extends for 18600 x 4000 m based on a cell grid size 
of 100 m, i.e. ∆x = ∆y = 100 m. The land represents the upper and lower edges of the 
domain of simulation. The water depth gradually increases from 0 m at the land-sea 
interaction on both upper and lower domain limits to a maximum depth of 80 m 
seaward within the domain itself. Figure (5.7) is a schematic representation of a 
transverse section in the specified domain. 
 
 
                                Applied 2D depth-averaged bathymetric scale for the    
                                simulation process of the Strait of Messina as a simple tidal   
























Figure 5.7: A transverse section in the simple tida l channel domain of 
simulation 
 
Additionally, for the present domain of simulation the Tyrrhenian Sea represents the 
input boundary side, while the Ionian Sea represents the radiating boundary side 
(Fig. 5.8). The domain satisfies the CFL stability condition. The total time of the 
simulation process is 190000 s, i.e. four complete tidal cycles, with dt = 1.0 s. The 
resultant accumulated output is given every 1800 s, i.e. every half an hour. 
 












Figure 5.8: Schematic presentation of the domain of  simulation 
showing the input and the radiating boundaries 
 




































In addition to the conditional assumptions applied to the Shallow Water Equations 
(section 5.1.1), the following assumptions are proposed in the present case of 
simulation: 
1. The M2-sine wave tidal oscillation (amplitude = 0.135 m, period = 44640 s) is the 
main driving force of flow within the domain from both input and radiating sides. 
2. A constant Manning seabed friction coefficient is chosen (n = 2.5 x 10-2 s/m3). 
3. The Coriolis force effect is neglected. 
4. The following cells (i, j) = (5, 20), (90, 20) and (180, 20) are considered within the 
output scheme to represent the western, central and e stern zones of the domain of 
simulation, respectively. 
Figures (5.9 - 5.11) represents the simulation outputs of the tidal behaviour (velocity 






























Figure 5.9: Tidal behaviour of the Strait of Messin a simulated as a 






























Figure 5.10: Tidal behaviour of the Strait of Messi na simulated as a 




























Figure 5.11: Tidal behaviour of the Strait of Messi na simulated as a 
simple tidal channel (eastern region (180, 20)) 
 
The dominant maximum simulated tidal velocity in this case is 2 m/s for the whole 
domain, while the minimum is 0 m/s for the central zone of the domain, 9.30 x 10-3 
m/s and 9.14 x 10-3 m/s for the western and eastern areas, respectively.  
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Meanwhile, the simulated tidal amplitudes are 0.129 m and 0.126 m for the western 
and eastern zones, respectively and 0.005 m for the central area. The minimum 
simulated tidal elevations, on the other hand, are 4.8 x 10-5 m and 1.88 x 10-6 m for 
the western and the eastern domains, respectively and 0 m for the central domain.  
The zero values for both tidal velocity and amplitude in the chosen central cell (90, 
20) of the domain of simulation mainly result from the interaction between the two 
opposite M2-tidal waves (input and radiating). This may be regarded as a good 
representation of the amphidromic point within the r al Strait of Messina. 
Additionally, the transverse tidal velocity component along the whole domain of 
simulation is too small to be considered. This agrees with the field records [139, 140, 
188]. 
Examining the simulation outputs, flood and ebb have the westward and eastward 
direction, respectively. Figure 5.12 represents twelve successive hours of simulation 
output showing these movements. This is in good agreement with the real field 
records, where flood moves from the Ionian Sea towards the Tyrrhenian Sea, and the 
ebb moves southward in an opposite direction [161, 7 188]. 
Tidal current velocity vector scale used in the Simple 







Figure 5.12: Simulated flood and ebb during 12 hour s of simulation 
within the simple tidal channel using the TFD model  
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2hr    
 
3hr   
 
4hr   
 
5hr   
 
Figure 5.12 (Continued) 
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6hr   
 
7hr   
 
8hr   
 
9hr   
 
 
Figure 5.12 (Continued) 
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10hr   
 
11hr   
 
12hr   
 
 
Figure 5.12 (Continued) 
Tidal behaviour (velocity and elevations) within the Strait of Messina during the 
examination of the two most well-developed tidal phases: spring and neap tides, is 
important. For each chosen extremity, Capo Peloro in the north and Reggio Calabria 
in the south, four successive days for each tidal phase are chosen and the tidal 
constituents are examined from Admiralty Tide Tables [289]. Appendix (4) is the 
parameter file used to examine the spring tidal constituents for the northern tip, Capo 
Peloro. The M2 constituent during both phases is important as it represents the 
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input/radiating boundaries for this simple tidal channel case of simulation. The Capo 
Peloro M2-tidal wave represents the input boundary, while the Reggio Calabria M2-
tidal wave represents the radiating boundary for both spring and neap tides. The 
particular importance of the M2-tidal wave is proved and applied to simulate the 
Strait of Messina in some previous studies, e.g. [140, 41, 191, 280]. Figures 5.13 (a, 
b) and 5.14 (a, b) are graphical representations of the M2 constituent during spring 


































 (a)     (b) 
Figure 5.13: The M 2-tidal constituent during (a) spring and (b) neap t ides for the 




































 (a)     (b) 
Figure 5.14: The M 2-tidal constituent during (a) spring and (b) neap t ides for the 
southern extremity of the Strait of Messina (Reggio  Calabria) 
12 successive hours of tidal velocity along the specified domain are represented in 
Figures 5.15 and 5.16 during spring and neap tides, respectively. Figures 5.17 (a, b 
and c) are the graphical representation of the tidal behaviour within the Strait during 
spring tide at the chosen western, central and eastern cells of the domain, 
respectively, while Figures 5.18 (a, b and c) represent the tidal behaviour during neap 
tide. During spring tide, the maximum simulated tidal velocity is 1.0 m/s at the 
western zone of the domain of simulation, while it is 0.61 m/s during neap tide for 
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the three chosen regions. The minimum simulated tidal velocity for the western and 
eastern zones within the domain of simulation are 6.78 x 10-4 m/s, 9.66 x 10-3 m/s, 
9.95 x 10-4 m/s and 4.76 x 10-4 m/s during spring and neap tides, respectively. Again, 
the minimum simulated velocity for the central zone (c ll (90, 20)) within the 
domain is 0 m/s during both spring and neap tides. The maximum simulated tidal 
amplitude is always recorded at the chosen eastern part of the domain with a value of 
0.14 m during spring tide and 0.12 m during neap tide. The minimum simulated tidal 
elevation in the central zone of the domain of simulation is 0.07 m and 0.08 m during 
spring and neap tides, respectively. Meanwhile the western and eastern zones are 
identical in their minimum amplitudes during both pases. These are 0.05 m during 
spring and 0.07 m during neap. The very noticeable fluctuations (noise) which 
appear at the beginning of the graphical representatio  of the output might be 
referable to the interaction between the input and r diating M2-tidal waves. 
 
3hr   
Figure 5.15: The simulated spring tide velocity for  the Strait of Messina as a 
simple tidal channel using the TFD model 
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6hr   
 
9hr   
 
12hr   
Figure 5.15 (Continued) 
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3hr   
 
6hr   
 
9hr   
Figure 5.16: The simulated neap tide velocity for t he Strait of Messina as a 
simple tidal channel using the TFD model 
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12hr   






















































































Figure 5.17: Tidal behaviour of the Strait of Messi na simulated as a 
simple tidal channel during spring tide at (a) west ern, (b) central and (c) 





























































































Figure 5.18: Tidal behaviour of the Strait of Messi na simulated as a 
simple tidal channel during neap tide at (a) wester n, (b) central and (c) 
eastern chosen cells 
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5.4.2. The Strait of Messina as a real tidal domain   
 
The numerical simulation process attempting to simulate the real Strait of Messina 
comprises of three different case studies. This is mainly due to the changes required 
in the TFD main code to mimic the complex morphometry and bathymetry of the 
Strait to a reasonable degree. The cases vary from an exact full real domain to a 
Level of No Motion (LNM) domain to a final case in which a flat constant depth is 
considered. The changes made in the TFD code as well as the shortness of the model 
used to mimic the Strait of Messina with the real conditions are discussed in detail 
hereunder. Step-by-step moves from one simulation case to the next are justified.  
Eight positions were located along the domain of simulation which represents the 
real morphometry of the Strait of Messina, in the tree examined cases, to present the 
checkpoints of the outputs. These locations are set in Table (5.3) and shown in 
Figure 5.19. Care is taken to represent red-spot points to check the final outputs. 
Thus the set of points includes the two chosen extremi ies Capo Peloro and Reggio 
Calabria, the sill section boundary cities Ganzirri (S cilian coast) and Punta Pezzo 
(Calabrian coast), and a point close to Messina harbour, in addition to three other 
points that represent northern, central and southern locations within the domain. 
Ganzirri, Central Point and Punta Pezzo together represent the important section of 
the region of the sill in the Strait (Fig. 5.20). This will be the main area of interest for 
which the examined simulated tidal velocities will be schematically displayed for 
different cases of simulation in the present study. 
Location Latitude (38º xx.xx N) Longitude (15º xx.x E) 
Capo Peloro 16.00 39.00 
Reggio Calabria 06.00 39.61 
Ganzirri 15.00 36.20 
Punta Pezzo 13.00 37.91 
Messina (Harbour) 10.80 33.60 
Northern point 15.06 38.70 
Central Point 14.16 37.43 
Southern Point 10.03 35.10 
 
Table 5.3: Names and locations of the checkpoints i n the Strait of 
Messina  
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32.00 34.00 36.00 38.00 40.00 42.00




























Figure 5.19: The simulation checkpoints in the Stra it of Messina 
 
  
Figure 5.20: The grid of the area of interest (sill  region) comprises the 




5.4.2.1. Real Strait of Messina case study 
The constructed grid to simulate the Strait of Messina with its real morphometry and 
topographic features is shown in Figure 5.21. This grid is based on a cell grid of ∆x = 
∆y = 75 m covering a domain of 150 x 260 cells.  
 
 
Figure 5.21: The domain used to simulate the real S trait of Messina 
 
The isodepth within the domain of simulation are interpolated based on real depth 
data extracted from Admiralty Charts [165, 290].  
Three modifications take place along this constructed domain, which differ from the 
natural configuration of the Strait of Messina: 
1- A smooth land-sea transition by applying a constant 2.5 m isodepth 
along the coastline within the whole domain. 
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2- Maintaining a uniform input entry for the applied driving force by a 
uniform extension at the northern domain boundary. This extension is 
of 750 m (10 cells x 75 m). 
3- General depth degradation within the extended domain from the 
coastline seaward. The depth increases from 2.5 m close to the 
coastline to 202.7 m at the deepest point. 
These modifications are required to control the driving input force to the domain 
from its northern boundary in order to obtain stable and realistic outputs. This is due 
to the interaction boundary between the Strait of Messina and the Tyrrhenian Sea that 
naturally represents a wide open boundary, which is difficult to simulate numerically 
and which will affect the resultant output. The difficulty in this open boundary stems 
from the fact this natural opening leads to having three affecting input driving forces 
to the main body of the Strait. This is mainly due to the natural morphometry of the 
Strait and its borders. The TFD model, as a 2D numerical model, deals only with one 
file of driving force to the target domain. Having three multidirectional forces the 
model will not respond to perform the simulation process. Moreover, if positively 
responded, a mess in the outputs may result giving meaningless results.  
Having constructed the domain of simulation, the examination of the simulation 
process of the tidal flow regime within the Strait of Messina can then be processed. 
Two boundary files, driving and radiating, are built based on an M2-sinusoidal 
uniform tidal wave of 0.135 m amplitude. This will satisfy the 0.27 m natural tidal 
range between the two extremities of the real Strait of Messina. Also, the two waves 
propagate in opposite directions, as shown in Figures 5.22 and 5.23, to fulfil the out-
of-phase tidal behaviour between the real northern and southern tips of the Strait.  
The applied coefficients in this simulation process are set to be 9.81 m/s2 for the 
acceleration due to gravity, 0.025 s/m3 for the Manning coefficient and with the 
effect of the Coriolis force ignored.  
Starting the simulation process using the previously mentioned driving/radiating tidal 
wave files and coefficients, the domain is checked to satisfy the CFL stability 
condition. The total period of simulation is 170000 s, i.e. 3.8 tidal cycles with time 
step dt = 0.25 s. The resultant accumulated output is given every 1800 s, i.e. every 
half an hour. Figure 5.24 represents the output of this simulation process. Figure 5.25 
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is a schematic representation of the simulated tidal velocity at the area of interest: the 
sill region, where tidal currents are expected to be enhanced to reach its maximum 
values and where tidal turbines may be deployed close t  the eastern or western 
coasts.




















Figure 5.22: The M 2-tidal wave of 0.135 m amplitude used as input file  




















Figure 5.23: The M 2-tidal wave of 0.135 m amplitude used as radiating 
file 
 
The simulated tidal velocity at the sill section is presented for 24 successive hours 
based on 6 hours interval, i.e. for two complete semidiurnal tidal periods. As may be 
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clearly observed, the resultant outputs do not reflect any feature of the natural 
behaviour for the real Strait of Messina, except the presence of the gyre north to 
Punta Pezzo, which was previously simulated [280] at the same place. The following 
points can be concluded: 
1. The simulated tidal current velocities are very high exceeding 20 m/s, which 
never exist in the real field. 
2. Extremely high and unstable amplitude distribution all over the domain, with 
no evidence of true tidal range or out-of-phase behaviour. 
3. No tidal periodicity. As tides in the Strait of Messina are semidiurnal, it is to 
be expected that the flow changes direction every 6 hours, which is not 

















































































































































































































Figure 5.24 (Continued) 
 
Tidal current velocity vector scale used in the different   
domains of the simulated real Strait of Messina 
 
6hr   
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12hr   
18hr   
24hr  
 
Figure 5.25: Initial simulated tidal velocities at the Ganzirri - Punta 
Pezzo section (sill region)  
As a result of these unreasonable outputs, the effect of Coriolis force is therefore 
included in the calculations in order to check whether this may adjust the results of 
the simulation process. Looking at the specified domain, the mid-way latitude of the 
Strait is used to calculate the Coriolis parameter to be applied. This is the Lat. 38º 12’ 
00’’N, i.e. 38.2º N. Consequently the Coriolis parameter is 9.02 x 10-5 s-1 (f = 2 Ω sin 
φ; where Ω is the angular speed of Earth rotation = 7.2921159 × 10-5 rad/s and φ is 
the latitude). The simulation process is then carried out using the same 
driving/radiating boundaries and coefficients. The graphical presentations of the 
simulation process in this case are shown in Figure 5.26. It seems that the Coriolis 
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force does not result in more regular and stable outputs. Once more, the outputs are 
unrealistic, having a tidal current velocity exceeding 20 m/s and a tidal amplitude 
exceeding 50 m. In addition, the semidiurnal tidal periodicity is still not predicted by 
the flow regime. Moreover, examination of the simulated velocities shows some 
errors in the predicted direction of flow (Fig. 5.27). It is supposed that under the 
Coriolis Effect the input flow directed from the north southward will be driven to 
accumulate to the western coast of the Strait, which does not happen in the obtained 
results. This poses a question as to the validity of the effect of the Coriolis force in 
the TFD model. To get an answer, a simple domain made up of 20 x 20 cells of 
extent ∆x = ∆y = 150 m is constructed. The domain of simulation is an open 2D 
coastal area of uniform depth of 30 m and the effect the Coriolis force is checked at 
the same latitude (38.2º N). Using a driving simple sinusoidal wave of 1.0 m 
amplitude directed from north to south for 45000 s (i.e. one complete tidal cycle), the 





























































Figure 5.26: Tidal behaviour of the simulated real Strait of Messina applying 















































































































































































Figure 5.26 (Continued)  
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6hr   
12hr   
18hr   
24hr   
 
Figure 5.27: Second simulated tidal velocities at t he Ganzirri - Punta 
Pezzo section (sill region) 
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1hr      2hr 
    
3hr      4hr 
 
    
5hr      6hr 
Figure 5.28: A simple domain to check the validity of the Coriolis force 




    
7hr      8hr 
    
9hr      10hr 
    
11hr      12hr 
Figure 5.28 (Continued)   
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Hence, the Coriolis force does not have the expected effect of smoothening the 
simulated velocities and amplitudes and, additionally, does not mimic the real 
Coriolis field. Accordingly, the Coriolis force will be ignored in the all forthcoming 
cases of simulation. 
The next assumption made to obtain stable outputs from the model was to increase 
the effect of the eddy viscosity term within the main code. This was done to increase 
the affecting frictional forces acting on the moving flow in order to reduce the 
resultant extreme velocities and amplitudes. The eff ct of the eddy viscosity term is 
multiplied by 10. For the new simulation process, the main driving/radiating files of 
M2-tidal wave (0.135 m amplitude), Manning factor = 0.025 s/m
3, and a ten times 
eddy viscosity effect are applied for 170000 s total simulation time, i.e. more than 3 
complete tidal cycles, based on dt = 0.25 s. The graphical presentation of this 
simulation process is given in Figure 5.29, while th results of 24 successive hours of 
























































































Figure 5.29: Tidal behaviour of the simulated real Strait of Messina 




























































































































































6hr   
12hr   
18hr   
24hr   
 
Figure 5.30:  Third simulated tidal velocities at the Ganzirri - Punta 
Pezzo section (sill region) 
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It is still obvious that the outputs of the simulation process of the real Strait of 
Messina are still unstable and do not resemble the simulated area of study. The 
problem now is how to obtain realistic tidal velocities and amplitudes and to simulate 
the semidiurnal tidal cycle in the Strait of Messina. This is again made by increasing 
the effect of the frictional forces acting on the tidal flow within the domain of 
simulation. Having increased the effect of the eddy viscosity term to ten times its 
original value, the seabed frictional force is now dealt with by increasing the value of 
the roughness Manning coefficient. By gradually increasing this coefficient to twice 
(0.05 s/m3) and three times (0.075 s/m3) its original value, this failed to change the 
unstable simulated tidal behaviour. Raising the roughness Manning coefficient to 0.1, 
i.e. to four times its original normal value, and applying the normal effect of the eddy 
viscosity term, the resultant tidal behaviour are shown in Figure 5.31. It seems that 
raising the Manning coefficient, which means increasing the value of seabed friction 
parameter, has its effect on the simulated tidal outputs, velocity and amplitudes, as 
noticed from the figures. At the start of the simulation process (385 mins), the tidal 
out-of-phase behaviour between the northern and southern boundaries (Capo Peloro 
and Reggio Calabria; northern and southern points) is confirmed. Throughout the 
simulation period, the velocity values are reduced to reach values not exceeding 4 
m/s and amplitudes do not exceed 2 m. However, the simulated outputs still suffer 
from instability that does not reasonably reflect the real tidal flow regime within the 
Strait of Messina. Accordingly, making a decision to allocate the place of excess 
energy where tidal turbines may be deployed is still distant. Moreover, the 
semidiurnal tidal behaviour is still missed in the present simulation outputs. Figure 


























































































Figure 5.31: Tidal behaviour of the simulated real Strait of Messina 
















































































































































6hr   
        12hr   
18hr   
24hr   
 
Figure 5.32: Fourth simulated tidal velocities at t he Ganzirri - Punta 
Pezzo section (sill region)
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Based on the conditions applied in the previous cases, it can be concluded that the 
simulation process may give the most appropriate results by using a high Manning 
coefficient (n = 0.1 s/m3) combined with a high eddy viscosity effect (edvisc. x 10). 
Accordingly, using the high frictional forces with the same driving/radiating 
boundary files (opposite M2-tidal waves of 0.135 m amplitude) for a total time of 
170000 s with a time interval dt = 0.25 s will be th  conditions for the fifth examined 
simulation process, the results of which are graphically displayed in Figure 5.33. 
This graphical representation of this fifth numerical simulation process is more 
appropriate than the all previous ones. Tidal behaviour (velocity and elevations) are 
stable and show the main tidal characteristics of the Strait of Messina in a very clear 
manner. The out-of-phase behaviour is clear between th  extremities of the Strait 
(Capo Peloro and Reggio Calabria; northern and southern points) by comparing the 
tidal elevation graph between the specified locations. The periodicity of the tidal 
flow of the semidiurnal type is also satisfied. Both velocities and elevations are 
smoother in the southern investigated location points. This is reasonable and refers to 
the wider cross sectional area of the Strait of Messina, which enables smoother 
propagation for the tidal flow within the Strait. The figures also confirm the minor 
effect of the transverse velocity component along the whole domain of simulation at 
all chosen locations. The non-uniform sinusoidal configuration of the propagating 
M2-tidal wave along the domain may refer to the interaction between the two 




























































































Figure 5.33: Tidal behaviour of the simulated real Strait of Messina 

















































































































































Figure 5.33 (Continued) 
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The following table (Table 5.4) summarises the maxium and minimum values of 
the simulated tidal current velocities and elevations at the chosen checkpoints. 
According to these results, the current velocity is maximum (1.22 m/s) at the central 
point. This is associated with a moderate tidal elevation of 0.09 m. The minimum 
velocity occurs at Punta Pezzo (0.10 m/s) with an elevation of 0.06 m. 
 








Capo Peloro 0.68 8.14 x 10-4 0.11 5.47 x 10-5 
Reggio Calabria 0.97 4.93 x 10-5 0.06 9.02 x 10-4 
Ganzirri 0.40 8.85 x 10-3 0.03 2.94 x 10-6 
Punta Pezzo 0.10 2.50 x 10-9 0.06 9.60 x 10-4 
Messina Harbour 0.18 5.65 x 10-9 0.06 9.80 x 10-4 
Central Point 1.22 5.2 0x 10-8 0.09 2.98 x 10-6 
Northern Point 0.67 6.50 x 10-7 0.08 8.50 x 10-6 
Southern Point 0.95 2.25 x 10-6 0.06 9.42 x 10-6 
 
Table 5.4: Maximum and minimum simulated tidal velo cities and 
elevations at the chosen checkpoints along the doma in of simulation 
 
The results of the simulated tidal elevations at Reggio Calabria, Ganzirri, Punta 
Pezzo and Messina Harbour, in the present study for this case of simulation are in 
very good agreement with both the recorded [141] and the simulated [280]. As 
anticipated prior to the simulation process, and according to literature reviews [139-
141, 280] the maximum tidal velocity occurs at the central area of the domain where 
the effect of morphometrical constriction and the sill take place. Figure 5.34 
represents the simulated tidal velocity at the sill region (Ganzirri - Central Point - 
Punta Pezzo section). It appears that tidal currents are more intensive in the central 
flow path, just over the sill, and along the eastern coasts of the Strait, near Punta 
Pezzo. This is in good agreement with the observations [139], the analysis [141,188] 
and the simulation results [280]. The gyre associated with the northward tidal flow 
north to Punta Pezzo is presented. Additionally, contrary to all previous simulation 
cases in this section, the simulated flow satisfies the semidiurnal behaviour of tides 
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in the Strait of Messina. However, the use of these xceptional parameter values, 
high Manning coefficient and high eddy viscosity effect, restricts the simulated tidal 
current velocity to less than 1.23 m/s, which is less than half the real velocity of 3.0 
m/s [139, 140, 188] and also less than the recorded [141] and simulated [280] tidal 
velocities of 2.85 m/s and of 2.8 m/s, respectively. 
The tidal amplitudes at Reggio Calabria, Ganzirri, Punta Pezzo and Messina Harbour 
in the present case study of the real Strait of Messina, with these exceptional 
coefficients values, are in a very good agreement with the recorded results [141] and 
simulated outputs [280] as shown in Table (5.5). 
 






Reggio Calabria 0.06 0.06 0.06 
Ganzirri 0.03 0.02 0.03 
Punta Pezzo 0.009 0.04 0.06 
Messina Harbour 0.05 0.04 0.06 
 
Table 5.5: Comparison between the simulated tidal e levations in the 
present case-study and those previously recorded an d simulated at 
four common checkpoints  
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6hr  
12hr   
18hr   
24hr   
 
Figure 5.34: Fifth simulated tidal velocities at th e Ganzirri - Punta Pezzo 
section (sill region) 
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Examination of the tidal flow pattern during the spring and the neap tides is 
important. This examination helps to identify the ar as of excess energy within the 
Strait during these two important tidal phases and, hence, helps to make a decision 
about the most suitable place to deploy tidal turbines. Using the constructed files for 
four successive days for each phase (Fig. 5.13 and 5.14) for the two extremities of 
the Strait: Capo Peloro (north) and Reggio Calabria (south), the northern tip 
represents the input driving boundary file while thsouthern represents the radiating 
boundary file. The conditions of higher Manning coefficient (n = 0.1 s/m3) and eddy 
viscosity effect, which enable stable outputs from TFD model, will be applied. The 
total simulation time is 170000 s with dt = 0.25 s and the outputs are given every 
1800 s, i.e. every half an hour. The graphical representations of the spring and neap 
tidal behaviour for the simulated real Strait of Messina are shown in Figures 5.35 and 
5.36, respectively. The simulated tidal velocity along the Ganzirri – Punta Pezzo 
section, during spring tide is given in Figure 5.37, while Figure 5.38 shows the same 
data during neap tide.  
Tables (5.6 and 5.7) summarise the maximum and minimum velocities and 
elevations at the eight chosen locations within the real domain of simulation during 
spring and neap tides, respectively. The maximum velocity is 1.36 m/s simulated at 
the chosen Central Point during both phases. This confirms the effect of the sill and 
the morphometry in enhancing the tidal flow. The graphical figures suffer from a lot 
of instability and noisy distributions. This appears to be less frequent at the southern 
checkpoints (Reggio Calabria, Messina Harbour and Southern Point) due to the 
wider cross-sectional areas which enable smoother propagation of the tidal flow. The 
simulated tidal behaviour is nearly identical during the two tidal phases, which, in 
turn, does not reflect any real situation in the Strait of Messina.  The simulated 
velocity during the spring tide phase reflects no periodical motion after 12 hours of 
simulation and the flow continues to have the southward direction throughout the 
remainder of the simulation. This does not reflect the semidiurnal type of tides within 
the Strait of Messina. The same flow scheme appears during the neap tide phase. All 
these unexpected results impose exclamation points for the simulation process for 
these two important tidal phases as the applied boundary files are constructed using 
Admiralty Tide Tables [289] data, assessed and assured to satisfy the out-of-phase 
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behaviour, the semidiurnal scheme within the Strait and the natural normal variations 
between spring and neap tides. What is, again, confirmed during these tidal phases 
from the simulated velocities examined at the sill region is the intensity of tidal 
currents close to the eastern coast of the Strait, near Punta Pezzo, and the existence of 
an eddy north of this checkpoint. 
 








Capo Peloro 1.0 8.5 x 10-4 0.38 9.0 x 10-2 
Reggio Calabria 0.50 9.7 x 10-4 0.36 8.7 x 10-6 
Ganzirri 0.47 7.3 x 10-4 0.36 9.8 x 10-4 
Punta Pezzo 0.98 6.0 x 10-5 0.35 8.3 x 10-6 
Messina Harbour 0.20 8.9 x 10-5 0.40 7.6 x 10-8 
Central Point 1.36 3.4 x 10-3 0.27 8.8 x 10-6 
Northern Point 0.67 4.9 x 10-4 0.47 6.8 x 10-3 
Southern Point 0.48 9.2 x 10-5 0.37 5.1 x 10-6 
 
Table 5.6: Maximum and minimum simulated tidal velo cities and 
elevations along the domain of simulation during sp ring tide phase 
 








Capo Peloro 1.10 8.1 x 10-4 0.46 9.0 x 10-3 
Reggio Calabria 0.48 5.5 x 10-5 0.28 8.2 x 10-6 
Ganzirri 0.50 8.0 x 10-4 0.48 3.4 x 10-4 
Punta Pezzo 0.96 3.0 x 10-5 0.37 8.2 x 10-7 
Messina Harbour 0.20 9.2 x 10-4 0.30 3.7 x 10-6 
Central Point 1.36 7.2 x 10-4 0.40 7.1 x 10-5 
Northern Point 0.67 9.0 x 10-4 0.57 7.5 x 10-3 
Southern Point 0.23 9.1 x 10-5 0.26 2.5 x 10-6 
 
Table 5.7: Maximum and minimum simulated tidal velo cities and 




























































































Figure 5.35: Tidal behaviour of the real Strait of Messina during the 














































































































































































































































Figure 5.36: Tidal behaviour of the real Strait of Messina during the 
















































































































































Figure 5.36 (Continued) 
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6hr     
12hr   
18hr   
  24hr   
Figure 5.37: Simulated tidal velocities during spri ng tide 
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6hr       
12hr   
18hr   
24hr     
Figure 5.38: Simulated tidal velocities during neap  tide 
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5.4.2.2. 80 m Level of No Motion (LNM) case study 
Bearing in mind the following four facts: 
1. Tidal currents are surface currents and found only in the surface layer. 
2. The superficial Tyrrhenian current in the Strait occupies the first 30 m depth 
[140, 141] and the Ionian current in the opposite dr ction occupies the layer 
below that right to the bottom of the Strait. 
3. The present conditional tidal technology that allows tidal turbines to be 
deployed between 25-45 m depth [33]. 
4. The sill region in the Strait of Messina has a depth of 80 m. 
The following assumption is proposed in a trial to mimic the Strait of Messina to a 
closer degree than the previous trials (section 5.4.2.1). This assumption is to use the 
Level of No Motion (LNM) concept in which current velocity is assumed to vanish 
below a certain depth [291]. The depth of 80 m is as umed in the present case study. 
The domain for this simulation process is similar to that previously applied, but with 
all the depths greater than 80 m reduced to 80 m while the shallower depths are left 
unchanged. The real morphometry of the Strait is maintained and the 2.5 m land-sea 
isodepth is also maintained. Figure 5.39 is the 80 m LNM simulation domain. 
Variations, as may be seen, appear along the domain only close to the shelf area 
while the whole domain has a fixed depth of 80 m. Once more a simulation process 
applying a normal Manning coefficient (n = 0.025 s/m3) and a normal eddy viscosity 
effect gave unreasonable outputs in which the main tidal behaviour of the Strait are 
not mimiced even to a close degree. The same results occur when using both normal 
and higher (n = 0.1 s/m3) Manning coefficients with both a higher and a normal eddy 
viscosity effects, respectively. Accordingly, the main simulation process, even for a 
LNM case, is carried out applying a high Manning coefficient (n = 0.1 s/m3) with a 
high eddy viscosity effect (edvisc. x 10). The driving and radiating tidal amplitude 
are those expressed in Figures 5.22 and 5.23. The total duration of the simulation is 
170000 s with dt = 0.25 s. 
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Figure 5.39: The 80 m Level of No Motion (LNM) doma in for the Strait of 
Messina 
The graphical representation of the simulated tidal velocities and elevations at the 
chosen eight locations along the domain is presented in Figure 5.40, while the 
simulated domain at the Ganzirri to Punta Pezzo section is shown for 24 successive 
hours, every 6 hours, in Figure 5.41. 
Table (5.8) summarises the maximum and minimum tidal current velocities and 
amplitudes at the chosen eight locations for the 80 m LNM simulation case. The 
outputs of this simulation case appear to be smoother and more stable than the 
previous case for the full real domain (section 5.4.2.1); however, it is obvious that 
both the velocities and the amplitudes are much lower. This spotlights the effect of 
the whole domain bathymetry on the tidal flow within the Strait as, although the 
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depths are maintained at the sill region at the 80 m, it appears that the whole system 
is affected by the complete bathymetric variations. 
 
 Max. Vel. 
(m/s) 
Min. Vel. 
(m/s) x 10-8 
Max. Elev. 
(m) x 10-2 
Min. Elev. 
(m) x 10-6 
Capo Peloro 0.22 2.80 5.3 3.0 
Reggio Calabria 0.20 0.08 6.4 0.3 
Ganzirri 0.20 1.00 5.7 3.0 
Punta Pezzo 0.20 3.26 5.4 3.0 
Messina Harbour 0.18 0.08 6.0 5.5 
Central point 0.22 2.20 5.6 9.3 
Northern point 0.22 1.70 5.7 2.6 
Southern point 0.18 0.04 6.0 3.2 
  
Table 5.8: Maximum and minimum tidal current veloci ties and 
elevations in the 80 m LNM case 
 
The simulated tidal elevations in this 80 m LNM case at Reggio Calabria and at 
Messina Harbour are still in good agreement with the previously recorded and 
simulated elevations, while those at Ganzirri and Punta Pezzo (> 0.05 m) are much 
higher than those previously mentioned (< 0.05 m). The outputs of this 80 m LNM 
simulation process conserve the main tidal characteristic of the Strait of Messina: the 
out-of-phase behaviour between the northern and southern extremities, the intensive 
currents at the sill region due to the natural morph metrical constriction combined 
with the bathymetric effect (sill rise) and the low transverse flow velocities, 
compared to the longitudinal components, along the domain of simulation. 
Additionally, the semidiurnal type of the tidal currents in the Strait is well 
represented in the simulated velocity outputs. Moreover, the increased intensity of 
tidal currents near to Punta Pezzo is well represent d. However, the TFD model in 
this case failed to give any near-to-real values for the tidal velocity. In addition, the 























































































Figure 5.40: Tidal behaviour of the simulated 80 m LNM Strait of Messina 

















































































































































Figure 5.40 (Continued) 
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6hr    
12hr  
18hr  
24hr    
Figure 5.41: Simulated tidal velocities of the 80 m  LNM simulation case
 181 
The examination of the tidal flow regime during spring and neap tides in this case of 
simulation is carried out using the same driving and radiating boundary files used in 
the previous cases. These boundary files are constructed using Admiralty Tide 
Tables [289]. The driving force is directed from the north southwards while the 
radiating force acts in the opposite direction. Figures 5.42 and 5.43 are, respectively, 
the graphical presentations of the spring and neap tid l behaviour at the eight chosen 
checkpoint locations within the Strait of Messina. Figures 5.44 and 5.45 are the 
simulated velocity outputs during spring and neap tides, respectively; at the sill 
region the section comprises Ganzirri, Central Point and Punta Pezzo as checkpoints. 
Comparing the figures for both the tidal behaviour and the simulated velocities at the 
sill region with those obtained in the real domain of the Strait of Messina, the only 
difference is in the smoother propagation of tidal elevation at the different locations, 
with lower results for tidal velocities. Otherwise, the configurations are nearly 
identical: phase and tidal periodicity are totally missed. These unrealistic results 
reflect a greater effect of morphometry than that of he bathymetry on the applied 
boundary files. The Proceeding to reduce the observed disturbance and instability in 
the resultant outputs means to increase either the Manning coefficient to exceed 0.1 
s/m3, or to increase the eddy viscosity effect to more than 10 times its original value. 
Both suggestions cannot in any way be accepted as this leads the situation to be 
totally imaginary and unrealistic. The maximum and minimum velocities and 
elevations during spring and neap tides for the present 80 m LNM simulation case 
are given in Tables (5.9) and (5.10), respectively. An important point to notice is that 
the central point records, for the first time, the second highest velocity (0.90 m/s) 
after the northern tip, Capo Peloro (1.2 m/s) during the two tidal phases. 
Additionally, as for the case of examining the tidal regime of the 80 m LNM domain, 
the simulation process fails to simulate the gyres north to Punta Pezzo during spring 












Capo Peloro 1.20 1.6 x 10-2 0.30 4.8 x 10-3 
Reggio Calabria 0.30 7.3 x 10-4 0.33 2.5 x 10-5 
Ganzirri 0.23 9.0 x 10-4 0.40 5.8 x 10-4 
Punta Pezzo 0.12 1.8 x 10-4 0.42 2.8 x 10-4 
Messina Harbour 0.23 7.0 x 10-5 0.40 8.1 x 10-5 
Central point 0.90 1.9 x 10-4 0.34 1.4 x 10-2 
Northern point 0.71 2.7 x 10-3 0.32 3.1 x 10-3 
Southern point 0.42 1.1 x 10-4 0.38 1.3 x 10-4 
 
Table 5.9: Maximum and minimum tidal current veloci ties and 
elevations during spring tide in the 80 m LNM case 
 








Capo Peloro 1.20 3.8 x 10-3 0.32 9.5 x 10-3 
Reggio Calabria 0.30 3.0 x 10-4 0.26 3.3 x 10-6 
Ganzirri 0.30 1.0 x 10-4 0.41 3.2 x 10-4 
Punta Pezzo 0.20 3.0 x 10-5 0.41 1.8 x 10-4 
Messina Harbour 0.32 2.6 x 10-5 0.35 2.8 x 10-5 
Central point 0.90 2.5 x 10-4 0.37 6.0 x 10-3 
Northern point 0.70 1.5 x 10-4 0.37 1.4 x 10-3 
Southern point 0.41 3.3 x 10-5 0.33 7.2 x 10-5 
 
Table 5.10: Maximum and minimum tidal current veloc ities and 






























































































Figure 5.42: Tidal behaviour of the 80 m LNM domain  of the Strait of 




















































































































































































































































Figure 5.43: Tidal behaviour of the 80 m LNM domain  of the Strait of 























































































































































Figure 5.43 (Continued) 
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6hr     
12hr   
18hr   
24hr   
Figure 5.44: Simulated tidal velocities of the 80 m  LNM domain of the 
Strait of Messina during the spring phase  
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6hr    
12hr   
18hr   
24hr   
 
Figure 5.45: Simulated tidal velocities of the 80 m  LNM domain of the 
Strait of Messina during the neap phase 
 191 
5.4.2.3. 80 m flat depth case of simulation 
This is the last numerical simulation case examined  the present study, in which the 
domain of simulation has a flat depth of 80 m (Fig. 5.46). This means that 
everywhere in the domain representing the aquatic ecosystem the depth is 80 m. The 
real morphometry of the Strait of Messina is maintained, the checkpoints and the sill 
region cross-section to examine the outputs are also the same as in the cases in 
sections 5.4.2.1 and 5.4.2.2. Again the dimensions of the domain of simulation are 
150 x 260 cells with a cell size of ∆x = ∆y = 75 m. The M2-tidal wave of 0.135 m 
amplitude previously applied as input/radiating boundary files will be also applied in 
this case of simulation.  
 
Figure 5.46: The 80 m flat domain of the Strait of Messina 
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Having such a shallow depth, compared to the previous cases, the simulation process 
starts by applying a normal Manning coefficient (n = 0.025 s/m3) with a normal eddy 
viscosity term effect. The total period of simulation is 170000 s with a time interval 
dt = 0.25 s. The effect of the Coriolis force is ignored. The outputs of this simulation 
case are graphically represented in Figure 5.47 and the simulated tidal velocity at the 
cross section of interest, Ganzirri to Punta Pezzo, is shown in Figure 5.48. Once 
again the simulated tidal behaviour (velocity and elevations) of the Strait of Messina 
using an 80 m flat domain with a normal Manning coeffici nt and normal eddy 
viscosity effect are unstable. The configuration of this behaviour shows extreme 
velocities exceeding 15 m/s as well as extreme elevations exceeding 20 m which is 
certainly not representative of any real status. In addition, Figure 5.48 shows no 
periodicity for the semidiurnal type of tides in the Strait of Messina. A still positive 
schematic presentation is the simulation of the gyres close to the Calabrian Coast 
north to Punta Pezzo. This, again, is in a good agreement with the simulated outputs 
[280]. As a consequence of these unreasonable outputs, an assumption is made to 
increase the effect of the eddy viscosity term and to check the resultant outputs. The 
initial conditions for the new simulation process will therefore be a flat domain of 80 
m depth with a fully-maintained real morphometry of the Strait of Messina. The 
driving/radiating boundary files are M2-tidal wave of 0.135 m amplitude. The 
Manning coefficient is of normal value (n = 0.025 s/m3). The effect of the Coriolis 
force is ignored and that of the eddy viscosity is multiplied by 10. The outputs of this 
simulation case are graphically represented in Figure 5.49, while the simulated tidal 
velocity at the sill region is represented in Figure 5.50. As may be shown in this case 
of simulation, the tidal behaviour (velocities and elevations) are reasonable, stable 
and expressive. Tidal periodicity that expresses th semidiurnal type of tides in the 
Strait of Messina is well simulated. The simulated tidal velocity exceeds 2.0 m/s and 
the maximum simulated amplitude exceeds 0.2 m. 
Table (5.11) summarises the maximum and minimum simulated tidal velocities and 
elevations at the eight chosen locations within the domain of simulation. It appears 
that the results of the present case-study, althoug being the results of the use of a 
flat depth with a high eddy viscosity effect, are higher when compared to those 
recorded [141] and simulated [280] at four common checkpoints as shown in Table 
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Capo Peloro 2.4 5.4 x 10-4 0.12 1.9 x 10-5 
Reggio Calabria 0.85 9.3 x 10-4 0.12 6.1 x 10-5 
Ganzirri 1.1 8.6 x 10-4 0.09 5.9 x 10-6 
Punta Pezzo 1.2 2.7 x 10-7 0.06 6.3 x 10-6 
Messina Harbour 1.1 2.5 x 10-4 0.10 5.9 x 10-6 
Central Point 2.1 4.9 x 10-8 0.04 6.0 x 10-6 
Northern Point 2.2 9.3 x 10-3 0.11 5.4 x 10-6 
Southern Point 1.0 2.2 x 10-7 0.20 2.2 x 10-7 
 
Table 5.11: Maximum and minimum tidal current veloc ities and 
elevations in the 80 m flat domain case 
 






Reggio Calabria 0.06 0.06 0.12 
Ganzirri 0.03 0.02 0.09 
Punta Pezzo 0.009 0.04 0.06 
Messina Harbour 0.05 0.04 0.10 
 
Table 5.12: Comparison between the simulated tidal elevations in the 
present-case study and those previously recorded an d simulated at 



























































































Figure 5.47: Tidal behaviour of the simulated flat 80 m Strait of Messina 


















































































































































Figure 5.47 (Continued) 
 197 
6hr    
12hr   
18hr   
 24hr    
 
Figure 5.48: Simulated tidal velocities using a nor mal Manning 
coefficient and a normal eddy viscosity effect in t he 80 m flat Strait of 





















































































Figure 5.49: Tidal behaviour of the simulated flat 80 m Strait of Messina using 





























































































































































Figure 5.50: Simulated tidal velocities using a nor mal Manning 
coefficient and a high eddy viscosity effect in the  80 m flat Strait of 
Messina domain 
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It is time now to examine the spring and neap tidal phases whilst applying the 80 m 
flat domain. The driving and the radiating boundary files are those built for four 
successive days for each phase (Fig. 5.13 and 5.14). The driving force acts from 
north to south, while the radiating force acts in the opposite direction. For this 
domain of simulation a normal Manning coefficient ( = 0.025 s/m3) with a high 
eddy viscosity effect (edvisc. x 10) gave stable and reasonable outputs for the 
examination process of the tidal flow regime within the Strait. These conditions are, 
accordingly, applied to examine the 80 m flat strait of Messina domain during spring 
and neap tides. The total period of simulation is 170000 s with dt = 0.25 s. The 
simulation results are given every 1800 s; i.e. every half an hour. The examination of 
the numerical simulation process of the Strait of Messina in this case, 80 m flat 
depth, during spring and neap tides results in the tidal behaviour schematically 
presented in Figures 5.51 and 5.52, respectively. The simulated tidal velocity during 
spring tide for the sill section (Ganzirri - Punta Pezzo) of this domain of simulation is 
shown in Figure 5.53, while that during neap tide is presented in Figure 5.54. The 
effect of the flat bathymetry with the normal Mannig coefficient appears in high 
tidal velocities exceeding 3 m/s as well as high tidal amplitudes exceeding 0.6 m. 
The maximum simulated tidal velocity is 3.7 m/s for the chosen Central Point, at the 
sill region, during the two phases. However, with these appreciated numerical 
figures, which are the closest to the real situation of the Strait of Messina, three 
points should be noted: 
1. The domain of simulation is, to some extent, imaginry with the flat 
bathymetry (80 m deep). 
2. The graphical representations of the tidal behaviour during the two phases 
suffer, to a certain extent, from the same instability as the two previous cases 
of simulation (real Strait of Messina and the 80 m LNM domains). 
3. The examined simulated outputs for the sill region during the two tidal phases 
are still missing the semidiurnal tidal periodicity after the first 12 hours of 
simulation.  
However, the gyre located north to Punta Pezzo appears in these simulation outputs. 
This feature was completely absent from the previous two simulations. 
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The resultant maximum and minimum tidal velocities and elevations during spring 
and neap tides are respectively shown in Tables (5.13) and (5.14). 
 








Capo Peloro 3.4 8.6 x 10-3 0.32 5.0 x 10-5 
Reggio Calabria 2.4 7.3 x 10-4 0.35 5.0 x 10-6 
Ganzirri 1.4 3.9 x 10-4 0.44 6.5 x 10-5 
Punta Pezzo 1.2 1.8 x 10-4 0.40 1.9 x 10-5 
Messina Harbour 2.3 1.7 x 10-5 0.47 7.8 x 10-5 
Central Point 3.7 1.7 x 10-3 0.37 1.4 x 10-5 
Northern Point 3.4 2.6 x 10-3 0.37 3.1 x 10-4 
Southern Point 3.2 3.8 x 10-5 0.48 4.0 x 10-4 
 
Table 5.13: Maximum and minimum tidal current veloc ities and 
elevations in the 80 m flat domain during the sprin g phase 
 








Capo Peloro 3.6 3.7 x 10-4 0.38 8.6 x 10-5 
Reggio Calabria 2.7 4.3 x 10-5 0.29 3.5 x 10-5 
Ganzirri 1.7 8.5 x 10-5 0.46 4.7 x 10-5 
Punta Pezzo 1.5 2.7 x 10-4 0.47 7.9 x 10-5 
Messina Harbour 1.8 8.1 x 10-4 0.49 3.0 x 10-6 
Central Point 3.7 4.6 x 10-4 0.57 4.7 x 10-5 
Northern Point 3.6 3.8 x 10-4 0.43 1.1 x 10-4 
Southern Point 2.7 3.3 x 10-5 0.68 2.4 x 10-4 
 
Table 5.14: Maximum and minimum tidal current veloc ities and 






























































































Figure 5.51: Tidal behaviour of the 80 m flat domai n of simulation 























































































































































































































































Figure 5.52: Tidal behaviour of the 80 m flat domai n of simulation 

























































































































































Figure 5.52 (Continued) 
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6hr   
12hr   
18hr   
24hr  
Figure 5.53: Simulated tidal velocities at the sill  region for the 80 m flat 
domain during the spring tide 
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6hr   
12hr   
18hr   
24hr   
Figure 5.54: Simulated tidal velocities at the sill  region of the 80 m flat 
domain during the neap tide 
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5.4 Chapter Conclusion 
The University of Edinburgh “Tidal Flow Development (TFD)” numerical model is 
used to simulate the tidal flow regime in the Strait of Messina in different cases. The 
model is based on the Navier-Stokes system of equations. The model has the 
advantage of being mainly developed to investigate tidal environments and of being 
previously applied in different tidal cases. The model differs than those had been 
previously applied to simulate the Strait of Messina i  that it mainly aims at 
identifying the places of excess energy where tidal turbines can be deployed to 
extract energy from tidal currents. Moreover, the code of TFD includes a special 
routine, which can be used to investigate the hydrodynamical changes due to the 
energy extraction process from a tidal current resource. Two main cases are 
discussed in the present chapter: the Strait of Messina as a simple tidal channel and 
the Strait in its real configuration. The simulation in the former case confirms the 
main tidal features in the Strait of Messina: tidal out-of-phase behaviour and the low 
importance of the transverse velocity component. However, the simplicity of the 
domain applied in this case affects the outputs of the model that the maximum tidal 
velocity does not exceed 1 m/s and for the spring tide does not exceed 0.53 m/s. The 
latter case of simulation consists of three case studies, in which the morphometry of 
the Strait of Messina is maintained, while changes are made to the topography. 
Accordingly, a full-scale Strait of Messina is initally simulated, and then the second 
and the third cases are simulation of the Strait using Level of No Motion (LNM) and 
a flat depth of 80 m, respectively. The move from one case to another is made in 
order to get reasonable outputs with real affecting factors: values of Manning and 
eddy viscosity coefficients. Unfortunately, these moves did not have the anticipated 
effect and this lead to conclude that the TFD numerical model does not suit complex 
domains of simulation like the Strait of Messina. On the other hand, the TFD model 
successfully simulates the real tidal flow pattern in the Strait of Messina only under 
these exceptional conditions: a high Manning factor and a high eddy viscosity effect. 
Reasons and justification for each step are discussed in detail in the present chapter. 
The simulation process of the real Strait of Messina highlights a shortfall in the 
application of the Coriolis force in the main code of the TFD model in an unsteady 
case like the Strait of Messina. Even though, the TFD numerical model assures the 
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effect of morphometry in enhancing tidal current velocities in the Strait of Messina. 
The model also succeeds in pinpointing locations with an energy excess in tidal 
currents (near Punta Pezzo) where tidal turbines may be effectively deployed. 
However, the model cannot be applied in the complex tidal environment of the Strait 
of Messina to investigate the hydrodynamical environment before and after the 
energy extraction process. In time, simulation will become available which can 




PHYSICAL SIMULATION OF THE TIDAL FLOW 
REGIME IN THE STRAIT OF MESSINA 
 
An overview 
This chapter presents the physical simulation of the tidal current regime in the Strait 
of Messina. The chapter consists of three sections; the first of which is a general 
introduction to physical models. The second section focuses on the flow-table tank 
facility at the University of Edinburgh and on the Particle Image Velocimetry (PIV) 
technique applied for measurement. Finally, section three discusses the outputs of the 
experiment. 
6.1 Introduction  
A physical model, also known as laboratory or experim ntal model, may be 
considered as an analogue computer in which the physical processes are reproduced 
at a reduced scale [292] and in which the major dominant forces acting on the real 
system are present in correct proportion to the actual case [293]. If the physical 
model is designed correctly with respect to certain definite scaling rules, then it can 
give reliable information upon which decisions can be precisely made [294]. If it is 
designed incorrectly, however, then it will only lead to inaccurate predictions and 
wrong decisions. An important property of physical models is the ability to closely 
visualise and observe the processes [295].  
Physical models may be broadly classified in two major categories regarding the 
targeted goal [296]: 
1- Validation models. These are used to verify numerical models. They are often 
idealised and simplified to provide a test case that fits the assumptions 
applied to the numerical model. 
2- Design models. These are used to predict certain behaviour of the tested 
prototype. In these models all features and forces of an actual prototype are 
accurately modelled. 
From a characteristics point of view, physical models may also be categorised in two 
groups [293]: 
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1- Fixed-bed models. These models have solid boundaries that cannot be 
modified or affected by the hydrodynamic processes taking place in the 
model. This type of model is used to study waves and currents. 
2- Movable-bed models. These models are composed of materials that can react 
to the applied hydrodynamical forces. 
Six reasons are given [297] supporting the use of physical models for studying and 
solving coastal engineering problems: 
1- Once built, physical model technology is cost effective. 
2- The development of measuring techniques (e.g. PIV, Doppler Laser) enables 
better understanding of the fluid mechanic relationships. 
3- Physical models allow the monitoring and measurement of physical concepts 
in a better manner than numerical models and in a controlled environment. 
4- Major difficulties in numerical models can be easily overcome using scale 
models. 
5- The visual observations of the tested case are very appropriate to increase 
understanding of the studied domain. 
6- The inherent limits of deterministic fluid mechanics due to turbulence. 
Dealing with oceanic tidal features, a well-designed laboratory model may accurately 
reproduce tidal propagation and tidal currents, including secondary flow 
characteristics [292].  
However, physical models have their disadvantages. The principal disadvantages of a 
physical model are its cost and its relative inflexibility [292]. In addition, all forcing 
functions and boundary conditions acting in nature ar  not included in the physical 
model, which, in turn, may affect the final judgment [293].  
Broadly speaking, a physical model depends on some di nsional quantities. These 
may be summarised as follow: 
• Length (L) 
• Time (T) 
• Mass (M) 
• Velocity (L T-1) 
• Acceleration (L T-2) 
• Density (M L-3) 
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• Flow rate (L3 T-1) 
• Viscosity (M L-1 T-1) 
• Kinematic Viscosity (M2 T-1) 
• Weight (M L T-2) 
• Work (M L2 T-2) 
• Power (M L2 T-3) 
Moreover, some dimensionless numbers (e.g. Froude number, Rossby number, 
Reynolds numbers) should also be considered when dealing with a flow experimental 
model. These numbers are mainly used in order to investigate the effects of different 
common forces that act on both model and real field, .g. gravity, Coriolis force, 
shear stress, etc. and to scale the laboratory model with the real field of work. For 
each laboratory model case, there is a specific dimensionless number which must be 
accurately specified in order to maximise the scaling process. 
According to the author’s knowledge, the most published hydraulic laboratory 
simulation research primarily targets the open channel flow systems and only a few 
are available for studying the tidal phenomena. This m ght reflect the difficulty of 
accurately achieving flow stability in large moving water channels under laboratory 
conditions, and also the fact that the laboratory testing of scale model tidal devices is 
still in its early developing stages [298].  The present laboratory-modelling case 
study aims to simulate the tidal current regime of the Strait of Messina in the 
laboratory.  
 
6.2 Tidal Flow-table 
6.2.1. Tidal Flow-table set-up and scaling procedur es 
The tool for physical simulation in the present study is the closed tidal flow-table 
tank system located in the wet-mechanical laboratory of the Sanderson Building at 
the University of Edinburgh.  
The system consists of a tidal flow-table tank of hrizontal dimensions 5 m x 2 m 
(Fig. 6.1) with two openings: a flow inlet and outlet (Fig. 6.2). These are connected 
through underlying pipes and the flow within the tank is controlled by a motor pump 
shown in Figure 6.3. The pump itself is controlled by a digital control box (Fig. 6.4), 
which allows the rotational speed of the motor to be specified in revolutions per 
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minute (rpm). In order to generate a steady (uniform) flow along the width of the 
tank between its two ends, two stilling rooms with diffusers are located at the 
extremities of the tank (Fig. 6.5). The holes, which are located along each diffuser, 
are identical and have increasing diameters from the centre outwards to maintain a 
constant pressure gradient during the operation. A water-proofed plywood frame 
(Fig. 6.6) has been used to represent the northern, c ntral and southern widths of the 
real Strait of Messina. These actual Strait widths are: 5 km for the northern 
boundary, 3 km for the sill region 10 km for the southern boundary. Accordingly, the 
three widths in the flow-table tank are proportionally scaled as 1: 0.6: 2, respectively, 
as shown in Figure 6.6. The frame has equal dimensions for its two parts. It is settled 
symmetrically in the tank. The area (1.5 x 0.6 m), which represents the constriction 
of the sill region, occupies one third of the total fr me surface area.  
 
Figure 6.1: The flow-table tank facility in the wet  laboratory at the University of 
Edinburgh  
 
Figure 6.2: The inlet pipe to the flow-table tank  
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Figure 6.3: The underlying connecting pipes and the  controlling motor pump  
 
Figure 6.4: The digital control On/Off driving moto r pump system 
 
Figure 6.5: One of the stilling rooms and diffusers  in the flow-table system 
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Figure 6.6: The inner plywood frame representing th e three scaled widths (1: 
0.6:2) of the Strait of Messina 
In order to simplify the present experimental work, the following assumptions are 
made: 
• The Coriolis force parameter (f) and the wind-shear stress are both negligible. 
•  Only three forces affect the present physical experiment: gravity, the inertial 
force and the viscosity. 
• The scale of acceleration due to gravity is equal to unity. 
• The inertial balance between the simulated and the real fields is calculated by 
the Froude number. 
Before starting the simulation process in the present laboratory experiment, scaling 
calculations have been done to ensure the ratio between the simulated and the real 
fields. Scaling depends upon two dimensionless numbers: the Froude and Reynolds 
numbers. 
The Froude number is given by the following equation: 
Lg
u
Fr =     (6.1) 
where, 
u is the flow velocity (m/s); g is the gravitational acceleration (equals to 9.81 m/s2); 
and L is a characteristic length (m) 
As water depth is more significant for tidal technology than length, the characteristic 
length in equation (6.1) may be replaced by the water depth (h). Hence, the above 







Fr =     (6.2) 
where, h (m) is the total water depth of area of interest. 
To ensure accurate results, the flow-velocity within the flow-table tank must be 
scaled to the full-scale. This depends mainly on the gravitational-inertial forces 
relationship derived from the Froude number, which, n turn, should be unique for 
both real field and laboratory. Accordingly, the flow velocity within the flow table 





uu =     (6.3) 
where, 
um and uf are the model and the real field flow velocities (m/s), respectively; and 
hm and hf are the water depths in the model and the real field (m), respectively. 
In the present study, the sill region, with a depth of 80 m, is the main area of interest 
and where the tidal peak current-velocity is 3 m/s. Consequently, the corresponding 
Froude number is 0.107. The depth of water within the laboratory tank, which 
satisfies the Froude number equality between full-sca e and laboratory environments, 
is 0.20 m. Consequently, the applied flow velocity in the experiment using the 
Froude number scaling is 0.15 m/s.  
The balance between advective and viscous forces can be quantified using Reynolds 





Re ==   (6.4) 
where,  
u is the flow velocity (m/s); L is the characteristic length of the flow domain (m), 
which is interpreted here as fluid depth; υ is the fluid kinematic viscosity (m2/s); ρ is 
the fluid density (kg/m3); and µ is the fluid dynamic viscosity (N s/m2) 
It is generally impossible to achieve simultaneous Froude and Reynolds similarity, 
and the Reynolds numbers are 24 x 107 and 3 x 104 for real and laboratory scale, 
respectively. Both of these represent fully turbulent flow, although there are potential 
consequences as a result of failing to achieve full Reynolds scaling.  
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6.2.2. Particle Image Velocimetry (PIV) technique 
Particle Image Velocimetry (PIV) is an image-based technique used to determine the 
flow velocity in a laboratory experiment in a 2D domain scale [299] or in a 3D 
domain with a very high accuracy [300] and either for laminar flow or turbulent flow 
of liquids and gases [301].  The term PIV appeared in the 1980s. However, the first 
attempt to use the technique itself started in the 1970s [3000]. PIV is presently 
considered as the most accurate quantitative fluid velocity vector measurement 
technique [300, 302] capable of being applied to physical simulations. The technique 
is based upon recording the displacement of moving tiny objects, known as tracers, at 
known times between consecutive image shots and extracting their displacements by 
a simple comparison process [302]. Flow velocities are subsequently determined by 
dividing the displacements of these tracer particles by the period between images 
[299].  
A typical PIV system consists of four principal components [301-303]: 
1. A transparent flow domain seeded with illuminated tracer particles. 
2. A light source, which may be a laser or some other form of illumination. 
3. Recording hardware, e.g. digital video camera. 
4. Convenient software for image analysis. 
A simple diagram illustrating a typical PIV system is shown Figure 6.7. 
                                  
Figure 6.7: A schematic presentation of an ideal PI V system 
The applied tracer particles in a PIV experiment must satisfy the following 
requirements [301, 304]: 







Tracer seeding particles 
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2. Their presence should not alter the flow properties. 
3. They should be efficient light reflectors and should be homogenously 
distributed in the flow. 
The energy necessary to illuminate the seeding particles (tracers) and produce images 
of sufficient exposure and clarity is a major issue in PIV [301]. That is why pure 
white-light sources are recommended for an accurate PIV experiment. A laser may 
also be used, whenever possible. 
There are different types of recording equipment which can be used in a PIV 
experiment. These include [299]: conventional film photography, Radar imaging 
systems and direct electronic imaging using a Coupled Charged Device (CCD) such 
as a digital camera. The last has two main advantages [301]: 
1. Large numbers of pictures may be taken which finally lead to more accurate 
results. 
2. Resolution of pictures taken may be easily controlled eading to clearer 
results.  
The two main software techniques used to analyse images from a PIV experiment 
are: autocorrelation analysis and cross-correlation analysis. In an autocorrelation 
technique images from two illumination processes are recorded on the same frame, 
while in a cross-correlation technique images from ne illuminating pulse are 
recorded on two frames [300]. Using the modern sophisticated digital-cameras, 
cross-correlation analysis is much better than autocorrelation analysis [304]. The two 
main disadvantages of using the autocorrelation analysis technique in experiments 
are [305]: 
1- Although the particle displacement is known, the flow direction is 
uncertain. 
2- For very small displacements, the side peak can partially overlap with 
central peak limiting the measurable velocity range. 
Three important terms are associated with the application of the Particle Image 
Velocimetry technique [301, 302]: 
Image density (Ni): The mean number of scatterers in an interrogation cell. 
Source density (Ns): The mean number of particles in a resolution volume. It is used 
to express the number of overlapping images in the image plane. 
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Interrogation cell: It is a square-shaped figure usd to trace the displacement of 
tracers and therefore determine the flow velocity and direction. A set of interrogation 
cells present a uniform grid. 
Readers who look for more understanding, detailed princi les, governing laws and 
information about the Particle Image Velocimetry technique and its applications may 
refer to many text books, e.g. [295, 301, 306-312].  
In the present experiment, the PIV system consists of a MiniDv Sony camcorder 
(SONY DCR-HC-19E) as a recording tool.  The images were recorded on a 60 
minute special tape before being uploaded to a PC for analysis. The camcorder was 
mounted along a bar, perpendicular to the surface of the flow-table tank. The camera-
lens was 1.2 m from the water surface (Fig. 6.8) to all w the camera to picture an 
area of 0.8 x 0.6 m that represents more than the half of the total length of the 
wooden constriction. This constriction represents the area at the sill region of the 
Strait of Messina. The light source was white-light from the neon lighting-system in 
ceiling of the wet-mechanical laboratory normal to the flow-table tank. Polystyrene 
mini balls of 2-3 mm diameter were used as tracers. These were manually distributed 
along the inlet diffuser and start from rest with the same flow direction within the 
tank. The video records were uploaded to a PC and co verted to sequences of *.jpg 
images [313]. The particles in the converted images w re followed in consecutive 
sequences of frames to establish the flow motion within the tank. Some options of 
the software [314] were applied to increase the accuracy of the flow calculations. 
 
Figure 6.8: Sony DCR-HC-19E camcorder recording too l in the present 
physical experiment 
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6.3 Results of the physical experiment 
In all the figures, which represent the outputs of the present physical experiment, 
there is a red circle that works as a guide to express the flow pattern following the 
polystyrene tracers in the flow-table. Starting thephysical experiment to mimic the 
tidal flow regime in the Strait of Messina, it was first important to apply a scaled 
flow velocity within the flow-table tank representative of that in the Strait. Using 
equation (6.3), the peak velocity at the constriction section needs to be 0.15 m/s. The 
speed of the motor pump was adjusted to give this velocity within the constricted 
area of the tank. This was verified by using the surface floating polystyrene mini-
balls (Fig. 6.9) flowing freely with the flow between two points of known distance at 
a certain time. The scaled-speed is also confirmed by using a Vectrino plus 
velocimeter (model 1.29). The device measures the flow-velocity using the Doppler 
principle. The motor speed, which produces this flow velocity, is 500 rpm. Having 
the wooden frame with 3 scaled widths 1: 0.6: 2 and using the 500 rpm motor speed 
to produce 0.15 m /s flow velocity, the velocity at the inlet opening was found to be 
0.12 m/s and at the wider width near the outlet of the tank was 0.048 m/s. This is in a 
very good agreement with the real flow regime within the Strait of Messina and 
confirms the effect of the Strait morphometry in enha cing the tidal flow to reach its 
peak velocity at the sill region. 
  
 (1)    (2)   
  
(3)    (4)   
Figure 6.9: Polystyrene mini balls used to measure the surface flow velocity 
within the flow-table tank 
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Nine checkpoints, seven of which appear in Figure 6.10, were chosen within the 
flow-table tank to fix the Vectrino to record an image every 0.005 seconds for 3.3 
minutes (i.e. 40000 records per checkpoint). This is in order to check and record the 
flow velocity within the tank at the three widths rep esenting the real widths of the 
Strait of Messina. Two checkpoints, at each width, were taken close to the frame and 
one was taken along the central channel path of the flow. Figures (6.11-6.13) are the 
graphical presentation of the flow velocity recorded by the Vectrino at the chosen 
checkpoints. These are arranged from left to right to represent the further width, 
according to Figure 6.10, then the central and thenfinally the widest nearest width. 
 
 
Figure 6.10: Seven of nine checkpoints taken in the  flow-table tank to 






























































Figure 6.11: Vectrino records at the further width in the flow-table tank 
representing the northern boundary of the Strait of  Messina (a) left-

























































Figure 6.12: Vectrino records at the central width in the flow-table tank 
representing the sill region constriction of the St rait of Messina (a) left-


























































Figure 6.13: Vectrino records at the nearest widest  width in the flow-
table tank representing the southern boundary of th e Strait of Messina 
(a) left-hand (western) boundary, (b) the central a rea and (c) the right-
hand (eastern) boundary 
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From the previous figures it can be deduced that the flow pattern in the flow-table 
tank closely follows the Tyrrhenian southward flow regime in the real Strait of 
Messina and is mimicked to a satisfactory degree. At the northern section (Fig. 6.11) 
the flow velocities are reduced close to the left- and right-hand boundaries with an 
average velocity of 0.06 m/s and -0.03 m/s, respectively. The flow velocity increases 
toward the central flow path to reach an average of 0.09 m/s. Negative velocities, 
indicating turbulent counter flow toward the inlet of the tank, are more intense near 
the boundary as detected from Figure 6.11. The flowis enhanced due to the effect of 
the constriction in the frame and velocities are grater in the central width than close 
to the boundaries.  In the channel central zone (Fig. 6.12), the velocities are always 
of positive values, which mean a uni-directional flow from the inlet of the tank 
toward its outlet. This is representative of the southward flow in the Strait of 
Messina. In addition, the recorded velocities at the t ree checkpoints taken in this 
central zone of the tank are all close to 0.15 m/s as required by Froude scaling. The 
average velocities of the flow in the tank are 0.08 m/s and 0.10 m/s. At the widest 
section which represents the southern border of the S rait of Messina at its opening 
toward the Ionian Sea the flow velocities drop to their lowest values (Fig. 6.13). The 
flow velocities at this widest section follow the same pattern of being lowest close to 
the boundaries, and increasing toward the central path in the flow-table tank. The 
average velocities are 0.09 m/s and 0.02 m/s at the central flow channel and close to 
the right-hand boundary, respectively. The average velocity at the left-hand border is 
negative, -0.02 m/s, which indicates a dominant counter flow at this side. Table (6.1) 
summarises the minimum, maximum, average and Standard deviation from average 
measured velocities at the three sections. It can be easily noticed that the central flow 
velocity (Fig. 6.13 c) is always positive while close to the frame (Fig. 6.13 a and b) 
the negative values appear to indicate a counter-flow. This is in a good agreement 
with the observed situation in the Strait of Messina, where eddy motion occurs at its 
southern borders close to the shores resulting in the well-defined upwelling 
phenomena in these areas [157, 161, 167, 280]. Fromigure 6.13, as well as from the 
experimental observations, the counter flow velocities are higher on the left-hand 
side border. This counter flow in the tank, which represents a gyre motion, will be 
more described by the analysis of the recorded video snaps, as shown hereunder.  
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-0.001 0.21 0.06 0.03 
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flow-path 
0.0 1.0 0.09 0.07 
Northern 




0.009 0.3 -0.03 0.01 
      
Left-hand 
border 
0.003 0.23 0.08 0.02 
Central 
flow-path 
0.01 0.18 0.10 0.02 
Central 




0.002 0.25 0.10 0.02 
      
Left-hand 
border 
0.004 -1.1 -0.02 0.02 
Central 
flow-path 
0.007 -1.1 0.09 0.04 
Southern 




0.004 -1.1 0.02 0.03 
 
Table 6.1: Summary of velocity records in the present physical experiment 
 
The converted *.jpg snaps of the recorded video are t k n for every frame. These 
frames were recorded at a frequency of 25 frames per econd. Figures (6.14-6.16) are 
300 consecutive frames representing the northern, the central and the southern 
boundary widths of the Strait of Messina taken at the scaled widths of the wooden 
frame in the flow-table tank. The presented snaps are taken on a one second scale 
time, i.e. 25 frames/photo. From these figures, it can be deduced that the flow pattern 
in the flow-table tank resembles the southward flow in the real Strait of Messina to a 
satisfactory degree. The head difference caused by the effect of diffusers in the 
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stilling rooms at the two ends of the tank enable a steady flow which starts with a 
relatively moderate velocity (0.12 m/s) and is then enhanced in the constricted 
section to reach 0.15 m/s. Finally the flow velocity drops to its lowest values (0.04 
m/s) at the widest section representing the southern bo der of the Strait of Messina 
and splits into two counter-flow circular patterns. The analysis of the snaps taken 
also reflects the circular motion in the southern section of the Strait of Messina. This 
consists of two eddies or gyres one of which is anti-cyclonic to the western side of 
the Strait (Fig. 6.16 a) and the other cyclonic to the eastern side (Fig. 6.16 b). The 
former occupies about 2/3 of the width while the latter occupies the remaining third 
of the southern width. In addition, the anti-cyclonic eddy is larger and faster than the 
cyclonic one. These results are in a good agreement with the observations and 
numerically simulated investigations of the Strait of Messina, including the case of 
the 80 m flat depth in the previous chapter of the present study. 
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Figure 6.14: 12 consecutive seconds (300 frames) fo r tracers placed at 
the simulated northern width to start motion with t he flow direction 
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Figure 6.15: 12 consecutive seconds (300 frames) fo r tracers placed at 
the simulated central width  
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(a) 
 
  (b) 
 
Figure 6.16: 12 consecutive seconds (300 frames) fo r tracers placed at the 
simulated southern width: (a) Anti-cyclonic gyre at  the left-hand side border 
and (b) Cyclonic gyre at the right-hand side border  
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6.4 Chapter Conclusion 
A physical simulation process appears to be a useful tool in order to examine and 
investigate the tidal-flow environment. The tidal-flow table tank, of horizontal 
dimension 5 m x 2 m, in the University of Edinburgh is the main tool of physical 
simulation in the present study. Using a water-proofed marine-plywood frame, the 
tidal flow regime within the Strait of Messina is physically simulated. A Particle 
Image Velocimetry (PIV) technique and a Vectrino instrument are used to analyse 
the simulated flow pattern in the tank. Results from the physical model in the present 
study confirm the effect of coastline configuration in enhancing tidal current velocity 
in the Strait of Messina. In addition the model successfully simulates the gyre pattern 
found in the southern extremity of the Strait of Messina where the well-known 
upwelling phenomena take place. The latter is caused in the Strait of Messina by the 
combined effects of tidal displacement and topography [161]. The present physical 
simulation agrees with the conclusion of Azzaro et al. [161] about the existence of a 
cyclonic motion in the southern area of the Strait of Messina results in enhancing the 
upwelling at this region. 
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CHAPTER 7 
Discussion and Conclusions 
 
In the course of this thesis I have tried to link my background knowledge and 
previous studies (B.Sc. and M.Sc. Degrees) in physical oceanography to a 
mechanical engineering aspect through one common, important topic, which is 
extracting energy from a marine renewable-resource, namely, tidal currents.  
Tides are natural phenomena, which affect many mariti e activities and have a 
special importance for mariners and oceanographers. Tidal currents which are 
associated with tides greatly contribute to, and affect, the global oceanic current 
system in a manner that attracts the attention of research oceanographers and 
investigators. Meanwhile, the kinetic energy in tidal currents, although being 
conditionally restricted only to a few places around the world, represents a vital 
renewable energy resource which can be mechanically h rnessed to satisfy the 
current global energy demands in an environmentally-friendly manner. This both 
attracts and challenges engineers to develop different types of tidal turbines that can 
be deployed in the marine ecosystem to harness energy from this renewable resource. 
Harnessing energy from a tidal current resource, indeed, poses major challenges to 
both environmentalists and engineers. On one hand, environmentalists care about the 
marine environment and the global climate. They annou ce restrictions and 
mitigations in order to raise environmental awareness; looking for a better global 
environmental status. It is the environmentalists’ re ponsibility therefore to highlight 
mitigations, to watch and to follow up projects relat d to the maritime ecosystems in 
an applicable way. The challenge is to realise the ne d and accept the idea that 
developed environment-friendly tools may safely join the marine ecosystems. On the 
other hand, engineers are keen to respond to the worldwide energy demands and to 
provide well-developed technologies to satisfy this requirement. The challenge, 
however, is to explore possible renewable resources and to develop technologies that 
are environmentally-friendly to the best possible degree. The important question then 
is how to benefit from a marine renewable energy resource with the least possible 
effect on the surrounding environment. Through thisPhD research I aimed to find an 
answer to this question taking tidal currents as the examined marine renewable 
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resource. This is carried out by, firstly, justifying the choice of the Strait of Messina 
as the area of investigation and secondly, by drawing attention to the anticipated 
impacts on the marine environment attributable to harnessing of energy from tidal 
currents. This is done in order to examine the extent to which the marine ecosystem 
may be affected by such a process and to suggest how these effects can be minimised 
and controlled. Finally, I examined both a numerical and a physical model to 
simulate the tidal-flow regime in the Strait in orde  to give a clearer picture about the 
most effective place where excess energy exists, and where tidal turbines may be 
deployed in a secure manner. 
Any applied project must consider the conclusions reached in the present 
environmental assessment study. In addition, understanding the nature of the tidal-
flow pattern may be considered to have a great impact on the choice of a suitable site 
to deploy tidal turbines as well as on the choice of the applied technology itself, 
according to the nature of the resource itself.  
It is always important to remember the three basic criteria [33] and to ensure that 
these are fulfilled at any site chosen for a tidal turbine deployment: 
1. The local water depth: this should range between 25 and 45 m to suit the 
installation of the existing device technologies. This depth range requirement may be 
modified for the new generations of tidal current eergy converters and technologies. 
It is important to bear in mind that the depth will also affect the choice of the rotor-
diameter of the tidal turbine. 
2. The location of the nearest grid connection: this connection must be easily reached 
to be economically feasible in order to minimise thcapital cost of power generation 
and, accordingly, to minimise the final kW hour cost to consumers. 
3. An energetic and persistent resource: this criterion is the basis of choice as the 
mean spring and neap tide velocities at the chosen locality must be as high as 
possible. This velocity should preferably not drop below 3 m/s [23, 33]. Other 
authors lower this limit to 1 m/s [17] or 2 m/s [6,15].  
The Mediterranean Sea is taken as a vast area of invest gation in the present research. 
Hereunder the results of the present research are discussed. Conclusions and 
recommended further work are given. 
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7.1 The environment of the Mediterranean Sea 
The Mediterranean Sea extends between latitudes 30º 00. 0’ and 45˚ 00.00’ N, and 
longitudes 06˚ 00.00’ W and 35˚ 00.00’ E. The Meditrranean basin is a large semi-
closed basin, connected to the Atlantic Ocean through the Strait of Gibraltar in its 
western extremity. The basin is internally connected o the Black Sea by the 
Dardanelles/Marmara Sea/Bosphorus system. The Mediterranean Sea covers an 
approximate surface area of 2.5 x 106 km2 [46]. The greatest measured depth in the 
Mediterranean Sea is 5.1 km in the Ionian Sea [48]. The Sicilian-Tunisian sill at 400 
m depth, divides the Mediterranean basin into the western and the eastern basins. 
Three main water masses are distinguished within the w ole Mediterranean basin:  
1. Surface water, originating in the Atlantic inflow through the Strait of Gibraltar and 
extending from the surface to about 150 m depth. 
2. Intermediate water, formed by cooling and evaporti n in winter south of Turkey. 
This layer extends from 150 to 600 m depth, and flows ut through the Gibraltar to 
the Atlantic at this depth.  
3. Deep water, found below 600 m depth and formed by strong winter cooling and 
wind mixing processes south of France and in the Adriatic. 
The three water masses are closely related and affect each other’s circulation pattern; 
together they form the general circulation pattern of the Mediterranean Sea. 
From a tidal point of view, the Mediterranean tides, mainly of the semidiurnal type, 
have not been as intensively studied as in other ocans and seas. This is due to the 
very low tidal amplitudes, which are of the order of a few centimetres except in some 
places, such as the Adriatic Sea, the Aegean Sea and the Gulf of Gabes off the 
Tunisian coasts where resonance phenomena act to amplify the tidal amplitude [14, 
125]. During this work, the tidal characteristics of five major straits distributed 
within the Mediterranean basin have been investigated. These include: the 
Bosphorus, Dardanelles, Messina, Sicily and The Strait of Gibraltar s. The 
investigations reveal that both tidal-ranges and tidal-currents all over the Sea basin 
and its straits are weak enough to be excluded fromany considered plan to use the 
tidal phenomenon as a renewable resource to extract energy. There is only one 
exception, the Strait of Messina, where currents reach reasonably high velocities. 
This investigation, consequently, justifies the choi e of the Strait of Messina as a 
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potentially a massive tidal current resource that cn be exploited to generate 
electricity.  
 
7.2 The environment of the Strait of Messina 
The Strait of Messina extends between latitudes 37˚ 35.00’ and 38˚ 18.00’ N and 
longitudes 15˚ 06.00’ and 15˚ 42.00’ E. The main axis of the Strait is oriented NE - 
SW in its northern part and N - S in its southern part. The Tyrrhenian Sea represents 
the northern boundary of the Strait of Messina, while the Ionian Sea represents its 
southern extremity. The main width of the Strait generally ranges between 3 km in its 
narrowest section (Punta Pezzo - Ganzirri) and 4.2 km. The smallest cross-sectional 
area in the Strait of Messina is of 0.3 km2 in the sill region where the mean water 
depth is 80 m [158]. The bathymetry of the main body f the Strait of Messina in the 
present work is constructed from data extracted from Admiralty Chart [165]. The 
water circulation system in the Strait of Messina is the result of two dynamical 
effects that take place in the Strait: hydrological and tidal effects. The former is 
considered as the usual classical effect observed in any strait due to the vertical 
haline and density differences between water layers. This results in a two-layer flow 
regime, where the lighter Tyrrhenian waters occupy the superficial layer flowing 
from north to south and the denser Ionian waters occupy the lower layer flowing 
from south to north. The tidal effect, on the other and, is of special importance in 
the case of the Strait of Messina. The dominant tidal currents along the Strait are 
massive and may reach 3 m/s or more at their peak. These massive currents are 
mainly due to tides in the Tyrrhenian and Ionian Seas whose tidal-phase is almost 
opposite, approximately 180°, associated with a maxi um amplitude range of 0.27 
m between the two extremities of the Strait. In general, the flood stream occurs when 
the current is directed toward the Tyrrhenian Sea, and the ebb stream occurs when 
the flow is towards the Ionian Sea [167, 188]. Actually, the importance of tides in the 
Strait of Messina stems not only from being a main dr ving force for the current there 
but also from the fact that Messina is an amphidromic point [191, 192] for the tides 
of the two main basins of the Mediterranean Sea. Because the tidal currents in the 
Strait of Messina have been shown to be strong enough to be considered for the 
energy extraction process, the Strait of Messina is selected as an area of investigation 
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in the present study. It was important to assess thi  resource environmentally in order 
to highlight its environmental characteristics and to ensure that the energy extraction 
process would not have a harmful effect on the marine environment. A desk-based 
Environmental Impact Assessment (EIA) study is made, in which the EU legislation, 
the factors affecting the choice of deployment siteand the anticipated impacts in 
every phase of work: installation, maintenance and operation and decommissioning 
are described. The interactive matrix method is applied in which every 
environmental parameter of concern (biotic and abiotic) is listed and the degree of 
anticipated impact is evaluated. The resultant matrix helps in making the right 
decision and in judging the impact of the project on the marine environment. The 
expected major impacts in the case of harnessing energy from tidal currents in the 
Strait of Messina, according to the author’s point f view in the present EIA study, 
does not exceed 10% of the total expected impacts. This may be taken as an 
encouraging sign to proceed for energy extraction pr jects using tidal currents within 
the Strait of Messina. A monitoring programme is proposed at the end of the present 
EIA study. This programme highlights the main points to be considered during each 
phase of the energy extraction process from a tidalcurrent resource. It is concluded 
that the final intention of deploying and operating a clean sustainable renewable 
energy technology making a sustainable contribution o the future energy mix is 
significant enough to merit such an intensive monitoring programme.  
 
7.3 Numerical simulation of the tidal current resou rce in the 
Strait of Messina 
The numerical simulation in the present study is performed using the developed 
[237] Tidal Flow Development (TFD) numerical model. The TFD is a two-
dimensional model based on the main Shallow Water Equations (SWE).  
In the present study using the TFD model was an advantage due to the following 
points: 
1. The model has been previously applied to different tidal case studies, e.g. [33, 
225, 287, 287, 315]. 
2. The code is written in a familiar package (FORTRAN77) which enables any 
required modifications to be easily performed. 
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3. WOLF, the model interface to show outputs, is easy to apply and express the 
outputs graphically in a reasonable manner. 
4. The model allows the determination of the values of velocities and 
amplitudes in the domain of simulation in numerical v lues that can be easily 
graphically schemed. 
5. The calculations of the energy extraction process from the investigated tidal 
environment are set as subroutines in the main codeof TFD. 
6. A SWE model was previously applied to the same area [280], the only 
difference being the coordinate system. In the present tudy a linear (square 
grid) system is used while a curvilinear coordinates system and grid are 
applied [280]. 
7. The outputs of the model highlight, to a close degre  to reality, the interesting 
and effective zones along the domain, as well as natural phenomenon, to be 
considered for the energy extraction process. 
However, applying the TFD model in the case of the Strait of Messina, in particular, 
highlights some shortfalls in both the TFD model and the obtained results: 
1- The complex bathymetry of the real Strait of Messina, with depths exceeding 
700 m, and its complicated morphometry affect the outputs obtained from a 
SWE model. 
2- The effect of the Coriolis force is ignored in the present case studies. This 
refers to the fact that the effect of the Coriolis force in the TFD is verified for 
steady cases [237]. In addition, all previous case studies in which the TFD 
model was applied were made under steady state conditions, while the 
present case uses dynamic conditions. 
3- With the large bathymetry and morphometry variations i  the Strait of 
Messina, the Manning and eddy viscosity coefficients have to be increased to 
a degree that does not reflect the real world and which, in consequence, affect 
the final simulation outputs. 
4- In the present case of simulation, a critical factor which affected the resultant 
outputs, and which may be considered as the weak point in the present 
simulation, is the lack of real field data which can be used as boundary files 
when applying the TFD model. The applied driving/radiating M2-tidal waves 
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are personally driven using both: Admiralty Tide Tables [289] and a 
comprehensive literature review. In addition, the M2-spring and neap tidal 
waves are simulated using data from the Admiralty Tide Tables [289]. 
The simple channel simulation succeeded in confirming the main tidal features 
within of the Strait of Messina: 
a. The maximum simulated tidal amplitude was 0.11 m. This gives a tidal range 
of 0.22 m, which is in a good agreement with the real fi ld records (0.27 m). 
b. The out-of-phase tidal characteristic between the western and the eastern 
extremities of the domain of simulation, which reprsents the northern and 
southern extremities of the real field of the Strait of Messina, may be detected 
comparing the elevation graphical presentation in Figures 5.10 and 5.12. This 
mimics the Strait of Messina and is in good agreement with [140, 160, 188, 
280]. 
c. Using the M2-tidal wave (a = 0.135 m, T = 44640 s) as input andradiating 
boundaries results in a dominant maximum simulated tidal velocity along the 
simple tidal channel case of 2 m/s. This may be considered as a reasonable 
tidal velocity for the energy extraction process. 
d. The transverse velocity component is always too small to detect graphically. 
This is in a good agreement with the real Strait of Messina, as previously 
mentioned [187]. 
e. The simulated flood and ebb directions are in agreement with the real field 
observations [161, 167, 188]. 
However, the maximum simulated tidal velocities didnot exceed 1.0 m/s during the 
spring tides nor 0.53 m/s during the neap tides. For these very low velocities, the 
energy extraction process may appear economically infeasible. This primarily refers 
to the very simple configuration of the surrounding coastline of the domain of 
simulation. The simplicity of the domain, which does not reflect any morphometric 
variations in the case of the Strait of Messina, has its effects on the simulated spring 
and neap tidal behaviour and the model, in this case, fails to express any significant 
variations in the hydrodynamical environment.  
Generally speaking, the results of this simple tidal-channel case study indicate that 
such a simple domain may be applied just as an indicator for how a hydrodynamical 
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environment (flow regime velocity and amplitude) dominate the area of 
investigation. This was also discussed and concluded [315].  
In applying the TFD numerical model to simulate thereal Strait of Messina, the 
domain had to be extended with a straight coastline for 750 m northward in order to 
adjust the input boundary file. The open boundary with the Tyrrhenian Sea is a 
complex boundary that challenges modellers when developing a numerical model to 
mimic the real field. The following points may be dduced: 
Advantages of using the TFD numerical model in the real domain of simulation: 
 1. The transverse velocity component along the domain is simulated as 
observed in the real field: weak and of minor importance. 
 2. Tidal currents are enhanced in the sill region in the Ganzirri – Punta Pezzo 
cross section. This is confirmed in the three different cases of simulation: real, LNM 
and flat domain. This reflects the real situation in the Strait. 
 3. Intensive currents are predicted close to the eastern coasts of the Strait of 
Messina near to Punta Pezzo in the three cases of simulation, and also during the 
spring and neap phases. This is in good agreement with previous simulation studies. 
These results support the comments [315, 317] that t e location of the Kobold 
turbine (ENERMAR project) deployed near Ganzirri is not the most intensive tidal 
current path within the Strait of Messina. 
 4. Eddies to the north of and near to Punta Pezzo are predicted at their 
locations within the northward tidal flow. This is in good agreement with real field 
[141] and simulation results [280].                
 5. The TFD model confirms the combined effect of bathymetry and 
morphometry in enhancing tidal current velocities and in simulating featured eddies 
within the Strait in the three simulation cases. 
Disadvantages of using TFD numerical model in the real domain of simulation: 
 1. The wrong effect of Coriolis force in the main code, which does not reflect 
the real Coriolis Effect. This is a point of concern for the TFD model as the Coriolis 
Effect was successfully applied in another SWE model [280]. For the TFD model 
this might be a direct result of the unsteady-state c se in the present study.  
 2. The model failed to mimic the real Strait of Messina and the 80 m LNM 
domain with normal Manning coefficient and normal eddy viscosity effects. These 
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had to be increased by a factor of four and ten, respectively. However, a Manning 
coefficient of 0.026 and normal eddy viscosity effect have been applied [280]. This 
again imposes the question about the suitability of applying the TFD model to areas 
with complex configuration in both bathymetry and morphometry such as the Strait 
of Messina. 
 2. From the simulation outputs in the three cases (r al, LNM and flat 
domains) it appears that the TFD model does not suit a wide domain with widely 
varying depths. Morphometry and bathymetry affect the results of the model to a 
very noticeable extent. The application of the model in previous case studies is 
limited to more regular-shaped shallow areas, e.g. [11, 33, 225, 288, 315]. 
 3. The TFD model does not respond properly to the constructed boundary 
files made using Admiralty Tide Tables [289] for spring and neap tides. The model 
reflects neither the out-of-phase behaviour of the Strait nor the opposite flow pattern 
during these phases.  
 4. Applying the 80 m LNM domain smoothes the simulation results but, at 
the same time, reduces the predicted velocity to less than 1 m/s which does not 
reflect any reality. This would also suggest that te site is unsuitable as a tidal current 
resource.  
 5. Using the 80 m LNM and the 80 m flat depth domains results in the 
disappearance of one important feature from the simulated domain: gyres north to 
Punta Pezzo with the northward tidal flow, except for spring tides. This might refer 
to the flatness of the domain in these two cases and, meanwhile, confirms the effect 
of bathymetry on the flow motion.  
 6. The normal periodicity of the semidiurnal tide which dominates the Strait 
of Messina is fulfilled only when applying high Manni g coefficient and high eddy 
viscosity effect. 
 7. The TFD model failed to simulate the tidal flow regime in the real Strait of 
Messina during spring and neap tidal phases (identical outputs), even when using an 
exceptionally high Manning coefficient and eddy visco ity effect. This is not useful 
in examining these important phases to the degree that helps to make a decision 
about tidal turbine deployment.  
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 8. The TFD model in the present study failed to simulate any of the higher 
lunar tidal harmonics (M4, M6 and M8) other than the applied lunar M2-tidal 
component. The latter itself is not simulated as found in the real field due to the 
exceptional frictional coefficients which had to beapplied in order to obtain stable 
outputs from the model. However, these higher harmonics in addition to the main 
Solar and Luni-solar tidal components (S2, K1 and O1) have been successfully 
simulated [280] and the effect of the bathymetry of the Strait on the simulation 
procedure, especially at the sill region between Gazirri and Punta Pezzo, has been 
explained. This again questions the suitability of applying the TFD model for a 
complex domain like the Strait of Messina. 
 9. The results of the numerical simulation process in the present work are not 
suitable for any further hydrodynamical investigation. The model cannot be applied 
to investigate changes in the hydrodynamical enviroment prior and after any energy 
extraction process. This is mainly due to the use of unrealistic conditions: a high 
Manning coefficient and a high eddy viscosity effect.  
 
7.4 Physical simulation of the Strait of Messina 
The physical simulation process in the present study is performed using the flow-
table tank located in the wet-mechanical laboratory at the University of Edinburgh. 
The tank has horizontal dimension of 5 m x 2 m. A water-proofed marine-plywood 
frame representing the northern, central and southern widths of the real Strait of 
Messina is placed in the tank scaled to 1: 0.6: 2, according to the full-scaled ratios. A 
500 rpm water pump is used to drive a steady flow with a maximum velocity of 0.15 
m/s in the tank in a closed system. A Particle Image Velocimetry (PIV) technique is 
used for image analysis. In addition, a Vectrino plus velocimeter is used to measure 
three sectional flow velocities in the tank.  
The results of the physical model in the present study reflect the real tidal flow 
regime in the Strait of Messina in a satisfactory fashion: 
a. The applied velocity has been scaled using the dimensionless Froude 
number and is representative of the velocity in the Strait. 
b. The effect of the constriction at the sill region i enhancing the 
currents is confirmed. 
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c. The model reflects the observed southern circular motion in the Strait 
of Messina, which agrees with the conclusion of Azzaro et al. [161]. 
d. The cross-sectional flow velocities measured by the Vectrino are in 
acceptable agreement with the published field observations and 
measurements. 
 
7.5 Conclusions and Recommendations 
1. Tidal currents and ranges in the Mediterranean Sea basin, from a tidal energy 
perspective, are generally low.  
2. The narrows through the Strait of Messina are an exception, exhibiting 
reasonably intensive tidal currents that have the potential for economic 
exploitation.  
3. Maximum current velocities at spring peak tides through the Strait of Messina 
vary between 1.8 m/s to more than 3 m/s. This is due to the effect of 
morphometry, topography and the out-of-phase characteristic between the 
Northern and Southern extremities of the Strait. 
4. The performed EIA study highlights the effect of waves, either surface or 
internal, on the tidal current resource. This point has to be taken in 
consideration as a further research point in order to get a clearer picture of 
these effects.  
5. A monitoring programme is a must for any energy extraction project from a 
tidal environment. This is necessary in order to maintain the safety of the 
surrounding ecosystem. 
6. We should not let our care and environmental concern hold back promising 
technologies and the possibility of obtaining sustainable and clean energy. 
7. Numerical simulation processes using numerical models may be applied to 
simulate the tidal energy resource in the Strait of Messina. 
8. The Tidal Flow Development (TFD) numerical model is most convenient for 
simulating steady-state hydrodynamical cases, and is more successful for 
areas with regular domains. 
9. In the present study, the TFD model has always requir d exaggerated 
frictional effects: a high Manning coefficient (0.1 s/m3) and a high eddy 
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viscosity effect (edvisc. x 10) to be applied in order to give stable results. 
This may be due to the complexity of the domain (morph metry and 
topography) with the misuse of Coriolis Effect in the main code. 
10. Unfortunately, the final simulated output using theTFD numerical model to 
mimic the tidal current energy resource in the Strait of Messina does not 
reflect the real field to the anticipated/required degree. 
11. The Tidal Flow Development model cannot be used for further simulation 
processes for the Strait of Messina.   
12. The results obtained from the present study may be regarded as primary guide 
results for further, more accurate numerical simulation studies. 
13. The main conclusion suggested by the simulation process of the real Strait of 
Messina is that the excess energy location within te tidal flow is found close 
to the eastern coasts of the Strait near the City of Punta Pezzo. This is 
confirmed in the three distinctive cases-studies made using the real 
morphometry and bathymetry of the Strait. 
14. A physical simulation process for a tidal energy resource is a good means of 
examining and investigating the tidal environment. 
15. The present physical model confirms the effect of mrphometry in enhancing 
tidal currents within the Strait of Messina. 
16. In addition, the physical model in the present study predicts the circular 
motion of the surface water in the southern area of the Strait to a very 
reasonable degree. 
17. It is recommended that the effect of the Coriolis force in the main code of the 
TFD model should be re-examined and adjusted. This may allow the model to 
be applied in both steady-state and dynamic-state cas s.  
18. According to the real case of simulation results it i  recommended that tidal 
turbines be placed close to the eastern coats of the S rait of Messina near to 
Punta Pezzo. This area has excess tidal current energy and, additionally, is 
clear of any navigational/maritime route within the Strait of Messina. 
19. It is recommended to deploy vertical tidal turbines in order to explore tidal 
currents in this area of excess energy. This is mainly due to the advantageous 
free-moving criterion of these turbines; regardless the flow direction. 
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20. It is highly recommended to apply an adaptive monitoring programme for 
tidal-current energy projects in order to conserve and assure the safety of the 
marine ecosystem to a high standard precaution level. 
21. It is recommended to apply advanced 3D numerical models, whenever 
possible, in order to get a more accurate idea about the tidal energy 
environment. 
22. The present study did not investigate the changes, due to the energy 
extraction process, in the hydrodynamical environmet. This is mainly due to 
the exceptional conditions applied in the numerical model. However, the 
study strongly recommends applying more convenient models to predict these 
changes in order to be minimised to the minimal limits. 
23. The recommended 10% limit of energy extraction recommended in previous 
researches should be appreciated to secure the marine ecosystem both 
environmentally and hydrodynamically. 
24. The present study confirms that the issue of choosing a location for tidal 
turbine deployment still presents great challenges for tidal turbine designers.  
 
7.6 Further work 
The present study can be considered as a base for any further research on the tidal 
current energy resource in the Strait of Messina. The further recommended work 
includes: 
1. A more accurate simulation of the flow regime that depends on real field data 
and accurate frictional coefficients, using more appro riate numerical model. 
2. Investigation of hydrodynamic changes in the resource due to the energy 
extraction process is the most urgent research requirement, if we are to keep 
the hydrodynamic environment safe, so that the extraction process as well as 
the marine ecosystem can both be positively controlled.  
3. This also includes real field measurements of the pysical parameters in the 
Strait in order to give a more accurate picture on the hydrography of the 
Strait.  
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4. Moreover, research on the effect of surface and internal waves, highlighted in 
the present EIA study, on the energy extraction process from a tidal current 
resource needs to be more investigated and adequately c rried out. 
5. Although simulating tidal channels on a laboratory scale is still hard to some 
extent, further physical experiment research is requi d to examine and assess 
the exploration of a tidal current energy resource. This will help to make a 
right decision for any proposed project and to choose the best place and 
structure to deploy tidal turbines. The present study may serve as a base for 
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Appendix (1) Example of a parameter file used in th e present 
study 
 
Read in bathymetry file   (dname) 
C:\programming\Grid\simplechannelgridl.grd 
time step (dt). Duration of simulation (time) seconds 
 1.0  190000 
tidal period (tidper). (isteady) = 1 for steady flow rampingup over tidper/4   
         44640  0 
Do you want to output the residual tide (rt_y_or_n) 
n 
If so, at what stage(secs) during the simulation should recording start, and end at 
(simustart, simuend) 
 43200 88200 




Do you want to use a pre-defined radiating boundary ? (d = yes, a = no) 
d 
Input phase difference between input and radiating boundary (seconds) 
 0 
define driving boundary in currents (Umax) and elev (tamp,z0,theta) 
 0.0 0.135 0.00 0 
define whether velocity v or elevation driving boundary  at y = 1 (s) or y = ndy+1 (n) 
a 
r 
Do you want to use a pre-defined radiating boundary ? (d = yes, a = no) 
a 
Input phase difference between input and radiating boundary (seconds) 
 0 
define driving boundary in currents (Vmax) and elev (tamp,z0, theta) 
 0.0 0.135 0.00  0 




Wind velocity in the x and y direction at z = -10m 
    0.0 0.0 
latitude in decimal form and hemisphere (n or s) 
 0   
N 
stem of output files (hname) 
c:\ 
nr of iteration steps delay before output and nr step  between output files (io_step) 
 42840   1800 
switch on/off (1/0) scatter output and gridded output files 
 1 0 
 274 
limit below which vorticity in a cell will NOT be output (vortlim) 
 0.000000001 
upper limit of CFL number (<1) 
 0.40 
minimum total depth (m) before cell omitted from computation 
 0.25 
Elevation driving boundary is either (F)ile based or c mpletely(C)alculated 
C 
If file based, input directory and file name 
c:\ 
Velocity driving boundary is either (F)ile based or c mpletely(C)alculated  
C 
If file based, input directory and file name 
c:\ 
Radiating boundary is either (F)ile based or completely(C)alculated  
C 
If file based, input directory and file name 
c:\ 
Record radiating boundary data ? 
n 
Input directory and file name to store radiating boundary data in 
c:\programming\strialrad\trialrad.dat 
Do you want to output u and v data 'y' or 'n' - (uvo t) 
y 
Do you want to output elevation data 'y' or 'n' - (nout) 
y 
Do you want to output vorticity data 'y' or 'n' - (vout) 
n 
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Appendix (2) Tidal Flow Development (TFD) model flo wchart 
[237] 
 




Read in data from the parameter file 
 
Read in bathymetric and topographic data                Pre-processed using WOLF 
 
Establish initial conditions 
 
Run consistency check  Warning message output if appropriate 
 
Arrange boundary conditions 
 
Begin calculation loop (t = tk)  k=1, 2, 3, ……,n; number of time step 
 
Derive input boundary variables 
 
Calculate qu (i, j, tk) across the domain for all cells (i, j) 
 
Calculate qv (i, j, tk) across the domain for all cells (i, j) 
 
Calculate η (i, j, tk) across the domain for all cells (i, j) 
 
Apply flooding and drying algorithm 
 
Calculate U (i, j, tk) and V (i, j, tk) from output above 
 
(If triggered) ongoing calculation of residual tide values 
 
(If time step and output step coincide) dump out Post-processed using 
WOLF/SURFER 
Reset storage arrays by moving results back a time step 
 
tk= tn Yes 
 





Appendix (3) Example of the parameter file used to compute 
the tidal constituents at the chosen northen extrim ity of the 
Strait of Messina  
 
c read H(1   to     4), F4,   F6  Messina (Capo Pelro) 
 0.05 0.03 0.02 0.01  0.00 0.00 
c read g(1 to 4),       f4, f6 
 267  313  231  249   0   0 
c          read Zo seas_corr 
 0.20 0.0  
c          read  nsteps and dt(hrs) 
 3000   0.16 
c read A1 F1(1 to 31) from 1 January 2002 
 041 1.12 001 0.78 003 1.40 042 1.22 
 068 1.15 002 0.78 002 1.40 070 1.23 
 095 1.16 003 0.78 001 1.41 097 1.23 
 122 1.17 003 0.78 000 1.41 125 1.23 
            149 1.16 004 0.78 359 1.40 152 1.21 
 176 1.15 005 0.79 358 1.40 180 1.18 
 202 1.13 006 0.79 357 1.38 206 1.15 
 228 1.10 006 0.79 356 1.37 233 1.11 
 254 1.07 007 0.80 356 1.36 259 1.07 
 279 1.04 008 0.80 355 1.34 284 1.03  
 303 1.01 008 0.81 354 1.32 309 1.00 
 327 0.98 009 0.81 354 1.30 334 0.97 
 350 0.95 010 0.82 354 1.29 358 0.94 
 014 0.93 010 0.82 354 1.27 022 0.92 
 037 0.91 011 0.83 354 1.25 047 0.90 
 059 0.90 011 0.84 354 1.24 070 0.89 
 082 0.88 012 0.84 354 1.23 094 0.87 
 104 0.87 013 0.85 354 1.23 117 0.87 
 126 0.86 013 0.86 354 1.23 140 0.86 
 148 0.85 013 0.87 354 1.23 163 0.87 
 170 0.85 014 0.87 354 1.23 186 0.89 
 191 0.87 014 0.88 354 1.23 209 0.93 
 213 0.89 015 0.89 353 1.24 233 0.97 
 236 0.93 015 0.90 353 1.24 257 1.03 
 260 0.98 015 0.91 352 1.25 283 1.09 
 284 1.02 016 0.92 351 1.25 309 1.14 
 309 1.08 016 0.93 350 1.25 336 1.20 
 336 1.12 016 0.93 349 1.25 004 1.24 
 003 1.16 016 0.94 348 1.25 032 1.27 
 030 1.19 017 0.95 347 1.25 060 1.29 
057      1.21     017      0.96 346 1.24 089 1.29 
 277 
Appendix (4)  The parameter file used to compute the spring 
tidal constituents at the chosen northen extrimity of the Strait 
of Messina 
 
c  read H(1   to     4), F4,   F6  Messina (Capo Pel ro) 
 0.05 0.03 0.02 0.01  0.00 0.00 
c  read g(1 to 4),       f4, f6 
 267  313  231  249   0   0 
c read Zo seas_corr 
 0.20 0.0  
c read  nsteps and dt(hrs) 
 200000  0.0002778 
c read A1 F1(13 to 16) from 13 January 2002 
  
 350 0.95 010 0.82 354 1.29 358 0.94 
 014 0.93 010 0.82 354 1.27 022 0.92 
 037 0.91 011 0.83 354 1.25 047 0.90 
 059 0.90 011 0.84 354 1.24 070 0.89 
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